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Abstract / 2z

The proton distribution at the lower limit of the radiation belt is cal-
culated numerically as an equilibrium between replenishment through the decay
of the albedo neutrons of the cosmic radiation and losses through collision
in the upper atmosphere. The calculations of the particle orbits in the
terrestrial magnetic field made by Jensen (1960) are utilized to take the
mean of the atmospheric density over the particle motion. With this model
and the atmospheric-density curve derived from the orbital changes of arti-
ficial satellite, the observed distribution of protons above 30 MeV can be
satisfactorily mepresented for & - flux density of about. 103 71‘~ rproVidad
we ass'me a néutmn ﬂ\m ilhich 13 greater above 3) MeV by a factor of abotﬁ"

N u..t

7 than the one fbund theoretically'by Hess (1961) At higher values of the

flux d“

reason &f "the Pinith aura&idﬁ o*!‘ "“’j"tivity in the terrestrial magnetic field

It is ﬁe;ehunderstae&;ble that impairment or disturbance ("Verletzung") of
the adiabatic invariants linked to the longitudinal drift, and caused by
hydromagnetic waves is responsible for this, The theoretically derived

time scale of this process and its dependence on energy and locus correspond

to the requirements resulting from observation, On this basis, an interpre-

tation of the minimum at a distance of twice the radius of the earth and of

the variations invtime 5 giVen ' A

1 - Introduction

The phenomena grouped under the designation '"terrestrial radiation belt"
or "Van-Allen Belt" (from its discoverer) have in common that the terrestrial
magnetic field keeps the high-energy electrons, protons and light nuclei cap-
tive in a narrowly restricted volume for intervals of time which are very

long by comparison to the simple transit time, Somewhat different from the

1

. comparison with : servations compels us to introduse 1osses by

ann c e



circumstances in plasma experiments, the reaction of the captured particles on

the magnetic field appears to be rather low because of their low density

(Dessler, Vestine 1960). The other features of this formation such as its be- -

havior in time, the loss processes and the replenishment have by no means a
uniform character which is manifested in the occurrence of different spatial
maxima and minima of distribution but the intensity of the latter greatly de-
pends on the type of the measuring instruments utilized and the instant of
measurement,

The protons above 1 MeV in the vicinity of the earth at the present time
probably constitute the best understood component of the radiation belt, The
suggestion made by Christofilos (cf, Van-Allen, 1959) immediately after the
discovery of the radiation belt in 1958 that the replenishment is provided

through the glbedo feufﬁ“h' of cosmic radiation -- these are secondary parti-

Nt

cles from an altitﬁéQ 8f EBout 10-30 km which find their way into space --

has been subsequanéiyAdiscussed in detail and has in general been evaluated
positively (first estimations by Singer, 1958; Kellogg, 1959 and Vernov et al,
1959). The strongest support for this theory was found in the rather satis-
factory concordance of the spectrum between 30 and 200 MeV, measured by Freden
and White (1959) with muclear-emulsion plates, with the spectrum of equilibrium
which may be expected with only collision losses and on the basis of present
knowledge on the albedo neutrons (Hess, 1959; Freden, White, 1960). The ob-
servations of Naugle and Kniffen (1961) and Pizzela, McIlwain and Van Allen
(1962-a) showed beyond this that, outside of the field lines with a distance
of about 1,7 terrestrial radii measured in the equatorial plane, there must
occasionally be added a very intensive neutron flux with a very much steeper
spectrum to this contimious and almost constant flux of albedo neutrons of

the galactic components of cosmic radiation, during the incidence of high-



energy solar particles in the magnetic-pole regions (Lenchek, Singer 1962, a,b;
Lerchek 1962), Other promising possibilities of proton replenishment at low
altitudes have not so far been found,

In regard to the losses of the captured protons, we must distinguish
between two regions. In the vicinity of the surface of the earth, collisions
obviously predominate in the determination of the 1life span because the in-
crease of radiation with increasing altitude can be understood only as a con-
sequence of the decrease of atmospheric density, Since the penetrating com-
ponents of the radiation, i.e., the protons, decreases, however, already again
beyond 1.5 terrestrial radii, as was shown by the measurements of Van Allen and
Frank, (1959-a,b); Fan, Meyer and Simpson, (1961); Ginzburg, et al (1962): and
Pizzela, et al (1962-2), there must here be added other loss processes which
cen be found only in the impairment of the three adiabatic invariants control-
ling particle motion and due to spatial inhomogeneity and variations in time
of the magnetic field, The first suggestions in this direction were made by
Singer, (1959) and Welch and Whitaker, (1959).

The theory of the captured protons has thus arrived at a point which makes
a detailed quantitative investigation desirable. The question whether the

flow of the albedo neutron:

18 of cosmic radiation is a2
maintaining the stationary proton distribution measured in the vicinity of the
earth and in low latitudes can be tested only there where the losses can be
calculated a priori with satisfactory accuracy, i.e, at the lower limit of

the radiation belt, The scale of the drop of atmospheric density, however, is
here smaller by one order of magnitude than the differences of altitude through
which the captured particles travel on their periodic orbit around the earth,

This means that a relatively small error in the orbit description involves a

high unreliability in the atmospheric density averaged over the particle motion



and consequently of the life span in relation to collisions which is an un-
reliability affecting the statements on the validity of the albedo hypothesis
at the present time, The similarity existing in a certain range of energy
between the energy spectrum measured and a theoretical spectrum which was de-
rived from exclusive consideration of the collisions, could be entirely acci-
dental. At higher altitudes (1,000 km and more) where the scale height of
atmospheric density becomes much larger, we cannot say with certainty what
the loss processes are which determine distribution. The collision intervals
merely play the role of an upper limit, Here there is necessary on the other
hand a satisfactory knowledge of the intensity of the proton-source intensity
in order to draw conclusions on the time scale of the losses and eventually
on their nature from comparison with the measured distribution of intensity.
The program suggested by this consideration was carried out in sec. 7 of
this study. Prior to this, sec, 2 represents, in preparation for the model
calculations, the bases of motion of the particles captured in the terrestrial
magnetic field and the resulting mamner of description of a distribution, For
arbitrary particles, there is also valid further the derivation of the terms

from a Fokker-Planck equation (sec., 3) with which the effect of the collisions

e - 3
U1l a 4

stribution function can be expressed, However, the
indicated only for protons in view of the intended use, Sec, 4 intends to ob-
tain a priori a concept of the time scales of the variations which are pro-
duced by the magnetic field in a given distribution. Sec., 5 describes the
details of an adequately realistic description of orbit which enter into the
averaging of the atmospheric density over the particle motion utilized in the
following and sec, 6 describes the geometric aspects of proton capture upon
decay of the albedo neutrons in the terrestrizl magnetic field, With this

and with the concepts on the flux of albedo neutrons from the lower atmosphere

L



obtained from the literature, the stationary proton distribution at low lati-
tiudes and low altitude has been calenlated numerically and compared with the
observations. On the assumption that thes intensity of the proton source changes
only slightly as far as field lines with a distance from the equator of 1,7
terrestrial radii, rough estimates of 1ife span at higher altitudes were de-
rived and correlated with the concepts sketched in sec, 4. The discontinuous
injection possible beyond this limit under solar proton phenomena has not been
treated here because it is still extraordinarily difficult to obtain satisfac-
tory estimates of the neutron flux which then issues from the polar caps (such
an attempt was undertaken by Lenchek, 1962), As a conclusion from the determi-
nation of time scales so carried out, there is finally attempted an interpre-
tation of the minimum of distribution at a distance from the equator of about
two terrestrial radii and of the behavior in time measured with Sxplorer VII
(Pizzela, 1962-a).

2 ~ Demonstration of Particle Distribution

2.1 - Constants of Motion and Adiabatic Invariants

The magnetic field of the earth can be compared in satisfactory approxi-
mation to the field of a dipole. This is a special case of the general cylinder-
symmetrical magnetic field in which we can postulate, in the absence of other
forces, 2 integrals of the esquation of motion of a particle with charge Ze and

mass m (Luest and Schlueter 1957), i.e., the theorems of energy and of generalized

angular momentum:

|9| = const. (2.1)
Ze
8v°_7n—cF(8’ z) = 2y = const. (2.2)
in which s, «, 2z = cylinder coordinates are used as basis; V, = azimithal com-

ponent of velocity ; 27F(s,z) = magnetic flux at altitude z through a circular

surface orthogonal and concentric to the z-axis of symmetry; ¢ = velocity of



light; 2Y = constant introduced by Stoermer in 1906 in the integration of the
particle orbits in the dipole field which is equal to the angular momentum
and/or the z-axis for F = 0. Because it is necessary tha“ (%< |v], (2.1) and

(2.2) can be combined into an inequality

112 -
- "lziF(s,z)+2y < [v], (2.3)

which subdivides space for a given particle, i.e,, for the choice once made

of the constants |p| and 2 Y, into permitted and prohibited areas (Stoermer,

1955). For the case where the "meridional" field component which can be de-
rived separately from F(s, z), has closed field lines and the energy of the
particle is not too high, (2,3) determines a finite volume which the particle
cannot leave (Luest and Schlueter, 1957).

This is true precisely for a dipole field of the intensity of the ter-
restrial field and the particle enerpgies observed in the radiation belt.
Substitution of the rumerical values in (2.2) shows that the value of 2V
is determined almost completely by the magnetic flux so that the permitted

area can be characterized roughly by

Read as equation, (2.4) describes a field line in a mer
thickness of the permitted area along this field line -- an example is
sketched in fig, 2,1 -- results from (2.3) for small |v] as equal to the
diameter of the circle of gyration determined by local field intensity.,
However, the laws of conssrvation do not indicate anything in regard
to restriction of motion in the permitted area in the direction of the field,
This is obtained with an approximation method developed by Alfven (1950) in
which the actual motion, in analogy to the motion in the homoreneous field,

is divided into two components also in the slightly inhomogeneous field or
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Fig, 2.1 - Orbit of charged particle captured in dipole field, pro-
jected on meridian plane and limits of area permissible
according to Stoermer where ¥ is the angle of inclina-
tion at the Equator, °

the field slowly variable in time of which the one which does not spiral ard

essentially follows the field lines, is ascribed to a hypothetical particle,

the guiding center whereas the other component, the gyration, performed by

the true particle in the static system of the guidirg center is, in this

approximation, a circular motion of the frequency w, = (Z|e|B)/mc. An extra

force 8 = - W grad B with the magnetic moment
P} 2.5)
”__2n%B (2.5

in which pg = impulse of gyratory motion; m, = mass at rest; B =8| at the
locus of the guiding center, M corresponds to the magnetic moment of a cir-

cular current equivalent to the cireulating charge and is constant in the

border case

d3
210 (».6)

1
w,B



# is an adiabatic invariant, The action of the extra force attempting to

displace the guiding center from regions of higher field intensity can be
described in a very simple eaquation if we couple (2,5) with the energy
postulate (2.1) and introduce the angle of orbital inclination ¥ through

P, =P sin ¥ (fig, 2.1)

8in?
Y= const.

B | (2.7)

In the trivial inequality sin ¥ £ 1, there now appears a restriction
of motion along the field, If the constant in (2,7) has been once estab-
lished, perhaps by the angle *o and the field intensity Bo in the equatorial
plane, there then results in Bm = Bo sin_zwo the maximum attainable field
intensity in which the particle is forced into inversion, is "reflected."
The relation of the velocity components parallel and perpendicular to the

field and the radius of the circle of gyration

=_P° 2.8
R, Zie BV (2.8)

are determined over its entire path as pure function of the field intensity
B. The result of this is that the particles, in a field like that of a di-
pole, execute an gscillation along the field lines between the two conjugated
points of the field intensity Bm which is superposed, by reason of the field
gradient and the centrifugal force occurring during oseillation, by a slow

drift perpendicular to the latter with the velocity

_§ ue pe a8
bp—mx(z*w'gradB+‘Z7§COSWW) (2‘0)
(for a vanishing electric field, Schlueter 1959);  y= (L —u?et~h). This

drift slowly impels the particle around the axis of symmetry in the permitted

area.



However, the terrestrial field is by no means ideal rotation-symmetrical
and is moreover subject to variations in time so that the motion integrals
(2.1) and (2.2) do not actually exist. At sufficiently small and slow inter-
ferences with the field, their place is taken by two further adiabatic in-
variants which are given through the phase volume of the other two periodic
components of motion, oscillation and drift,

The first adiabatic invariant was found by M, Rosenbluth (Chew, Gold-
berger, Low 1955), It is generally written as the path integral extending
over one oscillation period of the impulse component parallel to the field

I =¢ pal. (2.10)
With an initially still assumed constancy in time of the field, i.e., at con-
stant energy of the particle, the integrand in (2,10) is a pure function of
locus according to (2.7). Consequently, there exists, between the intepra-
tion limits Bm determined by ¥, in general only a self-contained surface, the

so-called invariant surface on which the integral assumes a given value J.

In the realistic case of slight time-dependent disturbances of the field
in which the relative variation of the field during a drift period is, how-
ever, very small as against 1, it is possible for the guiding center to mi-
grate, due to the change of particle energy, from one invariant surface to
the adjacent one but only so that, in addition to % and J, also the magnetic
flux ® enveloping the actually covered surface remains constant (Northrop and
Teller, 1960)., This means that the particles captured in the terrestrial
field can follow slight variations to some extent but remain bound on the
whole to a mean invariant surface and consequently cannot escape either in-

ward or outward nor change -- which would be necessarily correlated with this

-- their energy irreversibly,



The quality of adizbatic invariance will be discussed in sec, & but is
assumed as unlimited for the time being, However, in that case, we can com-
pletely disregard the time-dependency of the field and alsoc neglect, when the
accuracy of the spatial structures does not need to be too high, the devia-~

tions from rotation-symmetry, i.e., return to the static dipole field in which

motion is controlled essentially by the two magnitudes of conservation (2.1)
and (2,2) and the adiabatic invariant #,

2,2 -~ Motion of Charged Particles in the Macnetic Dipole Field

Let us here describe the magnetic dipole field in polar coordinates r,
P A, where the magnetic latitude B is counted starting from the equatorial

plane, We then obtain for the field intensity the expression

M Y1+ 3sin’p (2.11)

(M =806 x lO25 Gauss x cm3; Re = 6,370 km), for the equation of a field

line
r=opcos?f (2.12)
and the inclination
COSi=*thﬂ—_.
V1 + 3sin? 8 (2.13)

In the following, let us introduce the abbreviation

{ =singB (2,14)
with which the relation of the equatorial field intensity Bo to B(C) is
written according to (2,11) and (2.12) as

By, _ (1%

b (l) = B() _VW (2.15)

The existence of three invariants of motion in the terrestrial field
discussed in the preceding section will find its expression hereinafter by

three parameters:

10



E _ Kkinetic enersy

—m’c,, T energy at rest
p = equatorial distance of the invariant surface (2.16)
Tl = sin ¥, = sine of angle of inclination of eauatorial orbit,

These parameters are sufficient to define the important features of parti-
cle motion, Since the 1life spans (ef, subsec, 3.3) are in general so long
that the particles travel many times over even their longest orbital period,
the drift, the phases (the angle & in the circle of gyration, » and ) coordi-
nated with the three periodic components can remein indeterminate, All values
of £ and A are equally probable in the motion and we need indicate a probabil-
ity of locus merely for {, It is proportional to the transit time dl/v, in
the path interval

H=Reoyi+3za (2.17)
along a field line. With (2,15), there follows from (2.7)
siny = [671({)| 5 (2.18)
and vy =v}1—b52%()- 42, The constants Re» 0, ‘v contained in dlfv; ars cancelled

out under normalization and the probability of locus between { and { + & reads

_ .t Yi430d (2,19)
YOO =g T

in which the normalization constant #(N) is determined by

Cmim)

w(n, {)dl =1
—-C.{n) (2'20)
RN =26 —1,12. . (2.21)

is a satisfactory rmmerical representation,
+ Qm(Ti) designate the latitudes of the reflection points ["Spiegel=
punkte"] determined by the angle of inclination of the equatorial orbit; they

result from (2,18) for |sin v | = 1:

1= 1b(% w)l- (2.22)

11



Since ¥ always lies betwsen 0 and 7, T is positive and the rslation (2,18)

belween v and 1| is ambipguous, This is very approp:riate for ths praszent prabe
lem beecsuse it expresses the symmatry »f sach losal angular distribution Lo
V =7/2 necsssary for ell the cases ronsideraed here, For the ¢selillation

period, we obtain the expression

oR, x+1
T =2'——m -——4,25'10_2 '—_=§R S|,
ose 5 () e a1 2 () (8] (2

bacause the relativistic velocity lsv=cfa(x+2)/(x+1) ., For the zaksy of

completeness, we shall also indicats the gyration freguency v, "nd the gyra-
E

tlon radius Rg for protons:

1 eB
27 me

Yo My s S
a=;ﬂ— B . —100}/0‘(0‘+2)ng3[b(4‘)| [km]. ,ﬁ Al

Vg =

= 48108 (x + 1) 202 [ (2.7

Along 2 fielqd 1

3

ine, the cross sectiorn of the circle of gyration chances 11

[y

b2@)=:1%/3(3 , 1.e,, *the magrnetic flux zomprizad in the gyration 15 a cone

tant which is ordy another exprassion of the szdishatlc invariant ..  Acoord-

}.J!
o
0%
or
<
-
s iy
bt
=
)
boie

in, ot al, 1961 (cf. Equation 2,7}, *he drift frequency is

0(0,7 +03y) [s71]. (hns)

on a Dinole Figld

The us2filness of the dipole-field approwiaation for the tarrus' rilal

cnztle field is greatly inersased 1f a satisfaclory ruls ax

1,

sach othar point by point, The prosadiire
b © B £

he two fial-ds
EA/ENE R I WY wolnd Al e Jon ok A FIRINKS . Gy aon e X - LR TS S LR N 4

for this which mast start in this coanection obvieusly Irom tha particle
p e Kal . S J oy, w3 B o EE U S . L . v] Y
a corralation of the lavarian® curvases latarmined rropeciively by o oand J,

L P 3o . K [ Y e e g ; [ by - 1., B w ey
A% asmamsd nters, 17 Lhoe 15 conunlant In Llme, Tag lep nmlaonos oo enoeiygy



can be separated from i and J and the iluvariest surface can be charvacierd zed

through {2.5) and (2.10) by
2m, sin? v 1
P B T B, (2.25)
l(By) I:(B,y)
r = B ‘ N
J =3 cosydl = l/l___dl (2.27)
II(B”') II(B)I) m
T D - r . §
whers Lhe integral (2,27) rust be taken along a fiald line, 3 and J are

m

Meld and can Therefo ~: hacily

g

consegqusntly determined purely by the magnetlic

bs introduced 2s coordinates in tha ferrcastrial fsld,  Thers “loan cavrospond

1
to each pair of mimbers (Bm’ J ) tws curves anslosing the magnelio axis whish

b

miy be regarded as the connseting lines of ths conjagzated northern and south-
arn raflection points, The trace of these aurves by alt'tude, gesgraphie
latituds and longitude have been compatad and tabulated by Janssen, Murra
and Welch (197°0) on the basls of a miltipolar representation of th- terres-
trial magnatic fi21ld as far as the ordaors n = 24 and m = 17 for a rumbsr of

!
values of Bm and J

In tha Jipsls field whers dependence on lenzth becomes trivial dus to

rotation symmetry, thers exists a simole
J’ ¥ Py

o] r Pl o
LRIJ)‘ OS2I

1
€, ¢ ana 3,, 4 . From (2,11} and

N
&

3 - “
J(:):f 1—177@- Y1+ 302d¢ ~ 1,745 - 02 —0,562|2}3 4+ 0,1925 ¢4,

In the dipole field, a family of invariar’ surfaces all balsnpine Lo a

comnon surface, is characterlzed by constant e. This mist be rogarded zs a
consequoanee of the predominantly dipslar charascter of the terrsstrial fisld

ind mukes possible, for the projection deseribed, +hs further o

=

\



that this is valid also in satisfactory approximation -- which is by no means

2 matler of coirse -- for the acrompanying invariant surfazes (€ the projen=

tion) in the *a2rrastrial magnetic fisld, The appurtensncsg of the ocurfazs
* * . . . . ‘¢ .
B, J to such a family is than expressed, szccording to MeIlwain (1961), in
I . %
a paramelter whose correlation with B, J is exactly the same as for @, The
latter is easily obtained from Equations (2,23) and (2,29) through slinmina-
* 2

tlon of £, Initially B . J 7 =n(l) i5 a continuous monotonous function of

v, % _¥
&. The inverse function h(B J 3) of the latter, when introducad as avrument

in (2,78), leads to
B*g® = b—z(i;(B*J*")) = H(B*J*3)
and thuas furnishes the definition of the family pavanster L from
H (B*J*3)
L3=:———EFT_—. .30

\

Cn the basis of the numerical computations of Jenssen, Murray an? Walch,

-

MeIlwain was able to show that the largsst relativs Javiations from L along
a field line still lie below 1% for L = 3,

2.4 « Dafinitisn of Distribution Funciion and

Correlation with Intensity of Radistlon

wded application becaunse they gusrantas, &

tion of particle distribution, the quality of ths dipola-field spnroxima

-
-le
U

in combining the individual orbite to an sntirety and permii the ohyaicall

correct corrslation of the measured data Lo the imags loci 4n the dipole Fisl

This farther justifies also the utiliza'don of the paransters (2 E), n(x By), of

\‘\.

afined in (2,16) initially for the Hpsle £ield, as variables of o distribu-

tisa function Jescribing the entiretly of the uorticlaes, 72 4n the “sllowings
= 5 A L1

the sarametor r @ 1o utilized Instead of I as customary in literaturs, thls is

mzant Lo sxpress that the DHrmulas fssoridbing Alstributilon ars valdd strie®)

ordly in the Zipsle field,

14



¢ occeuples a special position in the model ealeulations to be 2arried out

laler becauss an effective change of this paramast

@

r does not oceur
proczsses Lrsated then, Morsovsr, the intansity of radiation 2t a locus is
formad only by particlss whose € -values 1is in a very narrow interval of the
magnitude of twice the gyration radius, It will b2 shown furthaer that “hs
integral of the distribution function over this interval which shenld conse-
quently be carried out in principls, can be substituted in vary satisfactory
approximation by the values in ths center of tha interval, ¢ therelore ap-
p23rs as a parameter in the calculation of the distribution function, This

sugzests the following dofinition of the distribution function:

flx, 75 0,8)dxdn = number of particles with enargiss veltwsen ¥ and & + &»
with sin ¥ between i and Tl + &) and the fuiding centaer
in a tube of force with 2 cross section of 1 em” and the

distance in the eguatorisl plans,
q P

&
TTRT T~ gec
N FF) et
\ A Rgsin(s—
\
\ i
\ (r,/))
\
c i
£ | e
)
vSin Y\ o R -sin(3-Kk) /
) g 3 /
/
/
/
s
v
" J \
a)
Erdzentrym
Flp, 2.2 -« Intervalation between ths Tig, 2,3 - Same intarrelation as in
locus of the gulding center (g.c,) Mg, 2.2 3@93 in a nmaridlan plan@,
snd that of the irue particle (P) and Legend: a) Center of earth.

telisen the phase angle § and the
V“1ﬁcl'j vector in a plane perpendie-
wlar Lo the fileld,

Legend' a) Meridian plane.

Initially, the density of the ~ulding contur of parlicles irn the interval
* & o

~ . ~ E . 5 ~ of . ke . - P

(v, 2 = @) and (O, 0 - N) i Lo Ly caleulated from HOAN ¥ £) 2! & point
’)

Q,Q. Tet g ssetlon of Lthe tube of force with cross section of 1 en” have “he

'..J
Ut



length d (2,17), According to (2,20-a), the cross section of this tube of
forca is groster Ly a factor b'z(;) in thn oguatsrlal olana so thet all o
ing centers charasterized Uy b2(0) flo, ;s 0, ) dxdn Lransit this sectiorn in their
orbit, In a stetionary distribution, howevar, thers is found here sim.l-

tanssusly only the fraction determinsd by the probability of locus w(n, £)de |

Divided oy the length d of ‘he section, ths dssirsd densit of gulding
Y &

center at the point @, { reads

1
o, ms 0, ) wn, &) dxdy P

Ng.e. dxdn =
e R Vit sang ' 2,52

Much less clear in contrasi is tha corrslation betwesn £ and the inten.
sity of radistion I(x, o, ¢, v, &) in which £ = angle of orbital inelination
124

and ¥ = angls of phase arouid the dirsction

L]

s £iseld, 1f we consider tha
finite nagnitde of the gyration radii which camnol be cvolded Lhers whare
“he intensi'y of radiation changesz over voumparable 4istances, i,e,, precise-
1y for prolons with energies sbave 100 MeV in ths vicinity of the sarth
2,2 shovs, in a plane perp-ndicilar to *he dirsction of fileld, the relation
betweer. s direction of incidancs of the radia®ion in a volume eloment
svcund the measuring point P and the position of Lhe sppurtensnt gulding can

ter, The phase difference of 90° betwsen *hoss iwo Jdiractions has se & cone

tegquzace that an increasze of the denslty of puldling cormbay in Lhs vertical

. ) & 0y € a4
profuices an east-wast anisotropy (Lenchsk, Sinrar 19%2-0) of ths radistlon
intensity, complaetely Jisrogariing the anisolrooy 1n the angls of orbital in-

clination v,

The locus of the juiding

idicated din Fig, 7.3, by the ccordinatss (», ) and the ilvection of ineldoncs
S Y 4

(i, 3 =~=7m/2) 0" *le porticle

;mr—i—R”sin(E—%)cosi

-
i}
N

Emﬂ—}-%sm(v ——;—)smt.

-



With the approximation of a field horogenecus within the range of a circle

of gyration, i.e,, BB, pay, there rosult From this the apgurieran! worie
atlss of lhe Jlstribation fuaeltisn as

3ocauss of thy constant probabil!

circls of ration, there follows from the donslty of suiding conter (2,72}
$ [ £

/

- ~
with >, 7, ¢ the intensity at the locus pe simply through muliiplication

withv ‘27 in which it is necessary to stats 47 =[b(0)|cospdy 414 alze to An-

troduce a fastor of § by resson of the ambiguity of the correlation between
~
and T, :
cot

4nR,GY1 + 3% 5(F))

X v (o758 ) w(i, &) dasinpdyp ds.

I(aae,c,fp,i)dasinwdwdgz %

ry
A
N
L

N

In order to obtain an experimentul delorminction of the distribulinn

function, it would be sufficient to measure with catisfsctory anpular resolu=-

traversed by sll particles, Howevar, such wsasurements srz nat now s

Th

@

comparicor between experiment and Lhoory therefore is mads mesh simply in

e

a3 inltensity averaged over the sntd

n 27
- 1 .
I=4—ﬂfflsmwdwdf. (2,237
¢ 0

yriunstely, one of the two integrations (the one over £) can v carrled

r4
¥

soldd angle 3l

3

o4l syproximately general, In doing this, there will be sul stituted, exnept

-~

for I, the valuss for all ecsaprossicns of the integrand 12,35) (which evidantls

« -

depend only slightly on € a* gyration radid of & Pew 100 km maximers) 4n the

~ o
cunter of interval, 1 e, ing g ond o - 0, and the romcinlig dntegrsl de-
lred as

Nt

2=
Flomied = gz [ o miende
0

[
—3



Dy retracting lhe transformstion ™ — ¢, T attains the forn:
( )d 7()
i(“:g:c:‘)d(x= Ul d Yy, i P £ o ol
4n R, Vi1 3026%() flo,n; 0, 8) w(n, 0) dn (. 23)
mia(e)

with the interval limits (ef, (2,173))

1/4_3@, 2. %)
Q L

where the lower limit of m 1s determinsd by the altitude ot n talow which the
bl .

()
10@) =16 fminle) = 52t

radiation can be reparded as vanishing,

In case the pyratisn radius 15 small in velation to ths langth svor

which particle intensity changes appraciably FGY, Ty ¢ t) can be roplacsd by
Gy Ty e t), Howsver, as showm by Lanchek and Singer (1962-L) due ts an
error of the author (Hasrendsl 1942 this 1s possible aluo than when the
change of radiation irtensity is a pure cansequence of Lhe drop of ainou~

~

phoric density, 1,e,, in purticular if the replent thnent of the particles in

P,

the range in wuestion can be regardel as constant, This is scen mc st simply

for the particlss which are reflected ir a straight lire [";erade”] at the

point of mzisurement, Since Lhe probability of locus is kighest at ths re-

iy

Y
(9

-

i3ction point ard the curve of dsnsity under Lhe asswtpilon 18 very sloep,
the distribution functior £ will be revsirssly proporilonal to the densily
avarags over the circle of radiatior at the point of reflestion fur asdjacent
vaiues of ¢, T in the stationary cass, This density differs from the density
at Lhz locus of the guiding center by the fasztor I (\“>vos 1)/H) (modifiel

Oy
L

Beugel function of zero order) (Heerendel 1362) 1 Lhe scale height

E N4

= b4 \ .
hoshs' ;1 of the atmosphore ramains constan over the olrsle of gyration,
Howaver, the integral (2.37) does contain a correspendlng mewn of the radia-

tlon intensity for a4 circle of gyrailon with the paint of measurerant as

centar, Because 5f tha reeiprocity of © and of the maan donsity, the faclor



IO((Rg cos 1)/H) is cancelled out sirictly at constant scale height and ap-
proximately at slightly wvariable H with the result that

flo ms e, £} = fint(x, m, 0, ¢) (2.52)
in whizh the index "inf" polnts to the fact that  must be caloulated in the
spproximation of an infinitesimal radius of gyration, It ig eagily under-
stood qualitatively that (2,40) is valid also for an arbitrary loes) angls
of inclination ¢ and a reslistic particle replenishment which underyoes in
the neutron albedo treated here (cf, sse, 6) only a geomeiric dilution, i.e,,
of 1 tas 2 Ré, by a factor of about 4, This reprasents an essential simpli-
Tication in the followling,

2.5 - Changes of Distribution Function

In the changes of a givsn distribution f, we must distingulsh between
two cases: the spontaneous capture or loss of particles and the disturbance
in the paramaetsrs <, 1, e. The capture will here be gilven by a stationary

sourcs function [”Quellfunction"], wiose calculation

w e 2 $ .
s traatad in sec, 6

[

The spontanegus particle loss, perhaps by nsutralization and conseguent libera-

1

tion from the magnetic field or othsr collisicn processes, can be deseribed by
an affective cross section T and the density N of ths collisisn sontors aver-
aged over the particls orbit, in an expressiocn of the form
(5),= —o ¥t (2,81)
Changes in the parameters can be caused by collilsisae with atmospharic
partlcles or disturbance of the adisbatle invariants pursly over the mapnotic
fiald, The former and in gensrsl also the processss falling under the second

group are Markoff processes which can be determined with a2 Tokkor-Flanck
P

acuation, Their derivation (sce, e.g.,, Chondrasekhar, 13473) 1 made with the

[
G

€ the probabllity g(x, y; dx dy; 0, 8) d(Ax)d(Ay) For tha case whara the param=-

~

eters &, 7 of a particle after a lapse o
ol fs

\

Line ot are located in the interval

ot}

19



(0 +da, a+dutdda); 5+ dn  n+dn+ddy) On the assumption that the
enanges durinyg this interval are predominantly smell in relation to @

Wi
zan devglop the integral axpr@ssion for flx,n;0,t 4+ 4t and thers rasilts
of .
(F0),= =2 @ = 2 canp+ L 2 map +
P e+ L2 (=02
+—a 7 (daxdy) f) 2 37 2( U]

with the diffusion coafficients

(da) = Ao g d(dx)d(dy)

1
| (A2 — mf(da)"’-w-d(Ja)d(Arz)
ate,

Jotons do, an; 0, d(anyagay) — (2.5
The Tokber-Planck equation has been written within the sense of dufinition
(2.71) ©n consta*i:f because it is usad in this study explicitly onily
this foir,

3= Collisinn with Atmssphe »ic Pant

3.1 -~ Caleulation of Dif

usion Cosf

fficients
The definition of the diffusion cnefficients 2,43) was mrde with the aid

sf tha probability ¢(x, n; da, dns 0,8) d(da)d(dy)  For the chan nge of the paramsters
Y, T within the time ¢4, TWith its neglect of all gaometrio datails,

this foim
of Lhe probability function is too abstrist to ha zpplied to oollision pro-
P
3 s

cesses, It is therafore to be replaced by a new form which 8 the sroduat of

the local probability of collision -- possessing sreizter clarity - and the

Py

probability of locus at all lsel altalnable under giv @r;§ N and ir the possi-

ble orisntations, /7 1s then to bs expressed as a function of the ssomstric
variablaes,

The probability of locus dwa in the three phases 7V & whish vemadn 0P

gatchel
in the characterization of ‘he prriicle orvit, 2an - normalized 45 ana wn o
lomediately iadicated 1L (2.129) g

20



di df

dw, = w(n, t)d
w, w(n)é‘2 3 (2.1)

We arcive at the probability of esllision by way of the differential offac-

tive c¢coss sactions of the various cellision procasses for which we can

state here as follows
Qx, 4x,0)d(Ax) - q(x, O)sin OdO dD. (.23
in which Q(a, 44, @) dosignates the correlation belween the chinge of energy
&y and the angle of élspersﬁontg which has, under slastic collision, e.i.,
the character of a 7-function, Let it bes considered as normalized Lo ona
s0 that conssauently gq(¥,8 ) contains the actual effsctive cross section,
Under the assumptlon have applicsble that the collision canters in the sysien
£ the statie magnetle fisld may be regarded as at rest In comparlsor to the
colliding particles, @ and ! can be interpreted as angles of disparsion in
this system,
The maltiplication of (3.2) with the velocity V@) of the colliding and

vrodices the munbsr of

s
&

the density N(g,7,0,t) of the encounterad pariticles
collisions per unit time which leads Lo a disparsion according to (0,0 +d0),
(@, D+ dd) 4t a loss of ensrgy betwsen Hy 812 3y + 2(A ), Strictly spsekin
the phase £ in the clrcle of gyration st1l1l beloags Lo tha svzaments »f N

bacsuse the density over the Jlamctser of the latier can change aporesisnly,
fowaver, we have Just shown 1t to be reasonable 1n sub-ssction 2.0 Lhat ths
appro<imation of an infinitesimal gyratisn radius' sipgnifiss a eonsistent

simplification in the caleoulatlon of the mean intensity (2,38) and the mszn

s

denglty N, With the reciprocal gollision time

;=N ¢4 v(oc)ffq(zx, O)sin 0 dO dd [ ")

we Lhen obtaln the probability of collision normalived to one

{
dw, = At-v(x) N0, L, 1, 1) Q(x, A, O) d(d &) g(x, O) sin Od O dP. v



The coly

v

islon tims At nere appears as ths natural interval of time Lo which
the probabilily ¢d(dx)d(dn) was weferencad in (2,43), Consaquently, the defini-
tlon of the diffusion voefficlents in the deseription of 20llisions veads
1 U
@)= — |4 dw,dw, NP
or exparl:i

@) =v() 4N 1 0Q du, 0) d(da) X

di d¢ )
2n 2n°
Oy ozeurs in (3,5-a) as a variabls; conseguantly only £7 nesds % bo inlia

"X ¢(x,0)8in OdOdD w(n, {)ds

[

cated ac fanotion of the othsr variable, TFrom fig, 3.1, we obtalr “or the

angle of orbital inclination %' subsequent to collision, in the spherical

Ly

cosine Lheoram, the relation
cos ¢’ = cos y co3 O + sin ysin O cos B.  (3,6)

(3'6\
—>
Fig, 31 ~ Collision econe with apsriure & around
the velocity ¥ prior to colllision and
the change of the angle of ovbital
inelinatlisn * snd the phass © in ine
eirels of gyration at a velocity V/
subsequent o collision,
Witk 'he abbreviation
y=siny, Ay =sinyp” — sinyp
this Dierdches
Ay = Y1 —costy’ —y.
With (2,27} thive fallows
— £y
dn=[b@)|- Ay, ¢, 0, ). (3.7



In the sense of the derivation of the Fokker-Planck equction, thers are

of interest above all the smalleangle collisions, For this or more exscily

for

dy =y —p<y

a more convenient form of &1 can be darived from {3,6):

’ A .
cos ~coszp=~—tan(tp+—g~))-(smw'-—smw)w—-tany)-dy
. ‘ (3.4) L
i.e., Aywcottpcosw(l—cos@)—sinzpsin@cos(b. (3.8) Late)

For @ ~sin® <“hers results

bn
An ~ (c) ) = O F Yb2 (L) — 7% O cos P. (3.78)

With the dispersian, tas position of “he muilding center also changes
1 D o =

This leads to Ac and, by way of {3,5-2), to thn 3ffurion cosfficiant
~

)

and A”P . Houever, the first vaniches by wrasson of the averasring over Lhe

(M
1]
)

phnase £ in the cirele of gyration and the influence of the sicond 15 &
very minor, This is Jdue to the fact thal, in the time in shich
in the mean by any appreciable amount (about 7/dn) or 7%/(d%*) ), 1.e., in
which a given dlslelibuiion of reflection polints has become cpprenictly dis-
persed, the dispersion of the guiding centers In @ i on'y of the magnituds
of one gyration »:ilus, However, the descriplion of sich stricturas was ex-
plicitly excepted in subsection 2,4, By contrast, the Jdispersion of the
reflection points has a non-evaluable affect, i,e,, 2 MfTusian of the parli-
clcs into the trough represented by the densar a*mosphere, lMeglset of (J%)
reprosents in relation to the collision losses the justificatien for the
defirndtion (2,31) of the dlstribution functions and Tor the form (0.L2) of

the cespective Fokker-Planck ecuation

-~

3.0 ~ Beview of the Procenses Tamportant for Protons

2,21, = foulomo Dispersion

Coulemt dispersion 15 a pracess Tor which the derivation of the

TGl

- IR PP A S gty ., .. P O B R Y
coefflclents chn De mado in 2 slople menner, The clossle non-relativistlic
-~
23



treatment is adeguate for this purpose, It is convenient here to characterize

the hyperbolic orbit of the collision pariicle (ml, @q, V) in the field of a

particle at rest (m,, e,) by the collision perameter P, The Tatter is corre-

lated with the angle of dispersion)(ijxthe center-of-gravity syctes through

X __ ™ p ee
cot2._ LA — Y% (3.8)

The transformation of ) to the angle @ in the laboratory system reads

my .
cot9=cotx+;:sm—1;( (3.9)

and the energy loss3E of the primary particle urder elastic cellision reads

A_E_'= _ my My P 4
E (my+ mg 2 3 {3.10)

tive cross section (3.2) which now oblains, by using the ceollisior parameter
p, 2 very clear form
pdpdd. "Lf.’!,ﬁ\
The integration over p in the caleulation of the diffusicn coefficlents
mist be carried out from & minimum value containing the limit of valldity of
the classic Coulomb dispersion at nuclear Iinensisns, to an outer limit boe
yond which the charge under gquestion can ba considered as screened iy oppo-
site-charge carriers, Whereas we take into sceount, in dispersien oa atoms,
sereening continiously with a factor of atomic form, 1Y has heen proved to

ve a satisfactory method in dispersion on fres charge carriors {(Cohen, Spitzer

anl Routley, 1950), to calculate with thae undistiubed two-perticle collision

]/ kT ,
h = —_— { 1 E
" Vaan,e R

within a Debye radius

-3



and to toerminale integretion at thet point,

In this spprosimation, we intend to trsat first Lhe enersy transf@r<“ﬁf>

o the free charge carriers in the plasma, OFf {he six in'egrablons in (2, f-z)
five can be carried out immedistely: one by way of % and/or 43 by using ox-
pression (3,10} for 8F, one by wey of 3 and’ trivially because *E does not

depend on them and -- if we forget for the moment that the upper 1imit hp of

the p~integration Jdepends on N and consecuently on? and 3 -- one b wav of
B D 4

T and } formally by introducing the mgan density
1+gmnn 4
N(n. o t)= EfszN(g’ LA )w(mn §)dlda. {(3,12)
—{m(m O
From
-1
sin? _72(_ = (1 -+ cot? %)
and (3,8), there consequently follows
Ap
27 Nv-4E A pdp -
e P
my + My Py
Pmin
The subslilution
m’ p n ”'n,2 hD (3113)

x:————~——, A_____..___.._
my + my P my + my Py

producos

a4

= xdx

ABy = —8aNvEp ™ | _%0%

(4E) Ay pom,f1+zz
Zmin

1f we substi*uts in (2,11) the numerical values which iay be expected “or

the uposr atmosphers, we find he in the order of maznitude of one oy Wherna s
iy & 1 D o

. ~17 L S . .
ProssLly po. s 20077 Lo 10 e, “he lowver Timit of the ifnteprotion Xm;“
can therefore irilhent difficulty be staled cs equal to nove, Conuoguently
£ by
(4E)= —8aNv-E- "2 p2.In A (3.0
P
or



The logarithmic member conteins the lensity and

be contained in the svereging (3.12),

density, however, 1t will constitite a satisfactory epproxima

the form (3,1%) and substitute the mean density N in by

The calculztion oi‘<5?> bacones

should ther:

dependencs

. 5 o N
L10oM

Tore sctuzlly
o

if we relain

similarly simple, et us hare also
neglect the near collisions and “herefore seslect the lower integration limil*
Py 59 that we can state sin @ X ¢, This is attained 2lready for
m.
P > Pnin = 10 b )
m 0
2
and thera follows from (3,8) and (2.3)
m,.
6 Y 3 ~ 2 po
—. N\
m1+m2 ZN p (:Bnl.-«"
For AT, we can utllize the approximation (3,7-a) from whish remaing,
through integration by way of ¥, only “he first member
+im 27 np
b2(¢) — n? Do\’ d’
= Lt ——— . w 2=) pdpd{ ==
—i{m O Pmin
4
= a:dx
~4nv-N(g,nt)-n-7- |
. mi+my
ie., 1070
4 4 ﬁ "lnA )
( 77) = &nVLV Py 10 1 (3.1!,‘7;
wiln
+m(n) 27
- . b2(c) s
No,n,t) = N, , A4, 8)- w(n, §)d¢ dA.
27 (317
—Emlm) O ’
E ls dlstirguished from N by the fact thet 1t is welghtel wilh a positive
Teotor which vanishes ot the reflection point and has its mawloum 2t the
equator, The change of the reflectlon points dn volation b Jdisprr-icn
around ¥ loomeh meru sensiilve ol lower alililudes, L.e,, &b soletiv ely
S 4t ! - [
XA Ty wdaend P
Sutlrely covvresgondingly, we Tind for the osscend Zilsposclen coetfialont,
L0 we noglect mcrbers with @

§



A
(A27) = 8xv N 2 piln 1o = 2p (4.

Inditielly 3t should Uo noted thal we car vechriet oircelves Lo the coeffia
clents (da), (Ap), (4*m) in this cermection, This 1s due to the frel Lhel Lolh

, \ N ) ] Ly s ‘
Madn) oo well as (4% lead to integrals over x in which the neninator 1o of
the fourth instead of the second order in x, 1,e¢,, orly tie valu of the ia-

-~ G ]

Legral at the lower limit plays & role, The other cxpreccions are thsrefore

=3
(']
[\
ct
o
a1
(g?‘
[V
i+
[
o]
o
(n

1 one factorlnA(~30),This result durived for the Coulomd

b
7]
‘o
@
131
oS
[N
3
o
bte
]
<
m
¢ -}
e
[e R

also for other ccllision processse, provided the omall-

angle sollisions vossess a largely predominant probebility whieh is a pra-

R

regulsite for the usefulness of the Fokker-Planck ecuatilon, Ar excoptiorn is
c¢lseassed in subsection 2,2, 2 Houever, with this the Tokker-Plancl equetien

-\

7)) aleo beccnes simnldified

~
3
—

e agein irircduced for <UEYY 4o

=~ (a (4 2 (e
(H);—-a;« M) = 5, (dm )+ ga—nz (A2 f) [~ 5

(PN

. - . -~
or, speeiieslly for the correletion {3,183),

of 4 2 ( @
(3,) %((A“)f)‘f““a—n (n%((dn)f)) (7.1

m .1 . P O T N Y P - ABN A Y oM ~ 1 1 T ¢ -y 4

This derdvalion corracponds somaint te thet of MeDonal:d and Jutt (1941)
T } P 4 - b t § ; £SO b pa ) e i Yy o N 1
co turn new o the trscimant of the protons, Lv will be well

I oy Y { : i~
the time secales of energy loss end Sluperslon, (3,19%) and (

“E_/ (o (7202

@E)[ &y~ N m e
m Tad
:712[1311, naolae

T (IR b P O R
LAy be the electiers ard

PN -~
Yooy, S N AT P A
change argything irn Lhie ond



tocan cosily be estimated for constent disiributicn of density, t.e., fer
PR -~ A .
sluss, with (2,200, (2.21) amg

the greatest valu .

[ 6]

in whieh it assume

(2.29):
¥ [[e0 F
=) (5 - ) roaa= g |
¥< — )i s = o 2 [ s YT =g
NS\ wn. £ d IORR OV =22 YT+ 3224 <
¢,

< ifyl — 2b72(0) Vl + 3824 = 2;(4-(;(’72)).
) () n

=, the

o .
For i’,!1 = 557, a latitude reached by the pariicles only with ¢

ML

right side of the inequality is spproximately 37,
The collision losses of the vrotons cre conseqientily dseoribes by Lhe

very simple cquetion

o\ _ 8 4s
(8t)f_3a(<d " (2,21)

whorees the Uresltment of the electirons mich stardt fror !
tains cne order and cne dimencion additions?ly,

Fina1ly, <\ ¢ to be expanded relativistically.

finition of the deceleration cross scction s {o)

With tre de

o »‘\
{ 2)

(Aoc):—ie-vw(oc) N e s
tivistie mess and volocltiy,

we then oltain, simply by substitubting t

from (3,8} and (3,1%)

RCE Rk afx + 2) o ey
sl =4 T [ln &+ 0F +B]' )

The coefficients A and B for the energy loss in free alectrons read

4 4
A= "0 0605102 om?
MgMyC
ET \'' m,c? T (z.2h)
B=In 0" T,
[(mzv.a) & J 07+ 5 I“N"

.~ o . T e ot
320 - Toniration and Dredtation
N e

with electrons bound in o

The cellislons of the protons
so cssentially diflevent from those with free electrons
“Q

3



the preceding subsection, especislly equation (3.21), would lose any of their

velldity, In addition to definilion {2.22), we reed taersfore veslly orly the

<

deceleration eross sections for the collisions in aquastion, From Lthe fomilier

Bethe formula (1930), there follows, for their dependence cn energy, the

statement corresponding to (3,23)

_ [ty
o) = 4 | st 2 4 ) - 1) (3.25)

whose coefficient.s were determined on the basis of the experimental data

3

grouped bty W, Whaling (1958) (ef, Table 3,1).

Table 3,1

] A 1 B

e B

H 0,595 « 107 am” 106
7 2

He 1.09 -« 10 Tem 10,1k
27 2

ol 3.892 ¢ 10 Tenm 3,29
-27 2

9) L3610 em 9.1%

(2.25) is a satisfactory approximation down to a few 190 keV, with these

fSe

values, lowever, this is entirely sulficient because charge evchange ‘cf,

subsection 2,2,4) predominates by fer hers and et smaller energles,

3.2.3 - Nuclear Processes

For E> 100 MeV, i.e,, for o « 1/10, as will be sean from

-/ »

TN

3, 0h) :nd
Table 3,1, the dsceleration cross sections lie within the range of some 10
to 100 "mbarn," the magnitude of the geomeirls eross seotion of the atomic
ruslel, At this point, nuclear procssses therefore begin to 2lsy & role

(Fredsn and "hite, 1960) whoce relative

f-

nfluence quickly inecrecees in vela-

tlon to the decsleration decreasin: with irsrsasing ene rev becouss of their

miner dependence on enerzy, They csn be characterized rouphly by o tatal
‘)J %
sffective cross sectlon uvhieh epresents the sum of an sboorptior crcss sooe
tlomo , nd of en sporoximetely cmally larze slasti dispersion cross itaction
e
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¢, EHlestic dispersion is restricted even for 1light eleaents czrentially to

small angles (<20°), Consequently, the interral of the differential arcss
ciion multiplied with the square of the angle of dispersion which lsads

sccording to (3,7-2) and (3,10) to the appurtenant diffusion coefficients

Cam) . . . .
<Am>, \ATi%) ete,, becomes small in relation *o the elastic dispersion cross

section itself, The abscrpiion eross szetion o op o0 the other hand practically

describes a particle loss and consequently enters fully into the determination
of a characteristic loss time, IFf Tap  Celr it 1s corsequently possible to

neglect the elastic dispersion entirely,

The processes grouped under absorption corsist in the creation of secondary
particles suck as n, 7, I, T, & and in non-slastic dispersion, Little is as
yel krown on the relative shares of the individuel processes, However, we can

<

rooebly also add the nor-elastic dispersion to the particle loss because the

4o}

energy loss high on the sverage in z proton-source function which is at least
P . p'z I o ) . . 3
as steep as E 7, lets the secondary protons become relatively unimnortant and

also because the gensrally larze angles of dispersion further lead te an ep-

preciable loss to the lower atmosphere, Corsequently, the sielear processes
can be described with the simple equation {2,41) if we utilize the shsorption
cres ectioncrab:

of =

(5= =3 veowt (3.26)

Some values for ©, sccording to A, Yetlenberg (1957) have been grouped in

Table 3,2, They are only slightly variable betw:en 100 MoV and some eV,

Teble 7,2
! 2 1 He Y % Q
DA 4 } {
i | fo. % ,
-.. (barn) ! 0,027 for E~800 MeV ! foc.ob o

an exceplion is constituted by the sboorption crouz section of Lyldrogen

waich is dotlemiined by the rmeseson crestion Legirning sbove 200 VeV, Onle

a -



2t 800 MeV, does this reach the negnitude of the clastle disperslon 2ross s6c-

iy

1

tion which, by contrast, is almest conslantly equal to 0,025 "barn" bs'wesn

70 and 500 MeV, Moreover, the M Iforential eross seetisn in Lhe cuiior—ula

gravily system is independent from the argle of dispersion X (Hess 1638), The
b}

final circumstarnce, the relative Iraguency of large anguler colllcions, pre-

vants the applicabilily of the Fokker-Planck sauation which was derivo

(&
i
P

see, 2,5) under the assumpilon “hat the changes of o, 7 wilhin tha time
are primarily small in relation to ths magnitudss thomsslves, Pormally, the
invalidity is shown by the fact thal Lno coeffiziints foiwed according to

~ g

2.5~a) become only slowly smallar with lnersasing order,

dosaver, 1t 1s siill very instruntive to osleulate the nann volocity
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variation S4a> of the energy. Leb ¢*sinydydd b th

Teclive crocs secilon in the center-of-zraviity usystan, Tor the enerss loas

o

£

in elastic collision of equal masses, thers 15 valld Ada = — (x/2) (1 —cosy), De=

cause of the impossivlliity of distingulshing bstween primary and sscondlary

=

particles, we integrate by way of Wonly as Far as 7/7:

nf2

(da) = —2nq*vﬁ%f(
. 0

after the time */{da)| = 4/vNoa , & pariicle hes In “hs msan Loanslarrod ids
waergy, exespl for a small frection, to its envirammant I car thus bo row
cavded as Jost, Accordingly, w: A1l have santirely useM™d aporovinmation 17
the loss of ensrzy and very voughly the effect of diupe-tion is combined as of
2qunl magnitude In an actual effooliva orsss saollon e fFt Les,, dafine
ok
O,
UENJ.I.
2

A el gy e s v - I E .
anz deseribe this case of slasbie Miper.

vrezosion in o Bollomsnn collision ta

dountful character of this prosedim



resause Lhe elastlc p-p dispersion which should be «°fselive in the ENBTZY
renge between 200 and 730 MeV according to £z, 3.2, is largely blanksted
Uy other processss as will bs shown in sees, Y and 7.

3.2.4 « Charge Exchange

Stuart (1959) was the first to point out that, below 1 MeV, it is pousiae
ole to liberats the protons by charge e¥change with slow neutral perlicle
Trom their bond to the magnetic field and thus become spontanaously lost to
tho rediation bslt, The effective cross sastion of this process drops Wwith
dscreasing energy so stnweply that the proton spsctrum should bs practically
cut off at a few 100 keV, The data for the cross seatisn of chargs exchangs
wera derived from a synopsis by 5. K, Allison (1358), They can bs satisfaca
torily described betwssn 150 keV and = MeV '

OCml = a - x~% (“I ~ry

with the values of the constants &, b grouped in Table 3,3

Table 3.3

3 b
ey o

- &

g 1.52 « 10" an 5.1
-l 2 {

He 2,75 < 10 7 o ; L.
-] ‘\

O, N 3,87 - 10 Jul ! 25

1.3 -~ Lifa Span

Jefore we compare the affsctivensss of the collision processes deseribed

above, we shall specify the concept of 1ife span, With an eagquation of Lypa

& . "
(2.258), this makes no difficulty;
1
T = — v 22)
Nva NS
asre desighates lhe time after which a given distrllubion hou atlemmated to

1/e. In order to define a similar time for Duustion 12,71, lebt us oxamine
‘ne behavier dn tine of an initis) distoibullon fé(ﬁ} =y L = ) Wiy

-y s . : ~{y ~
the statement -- corteinly useful ia parht == \V\>‘r A A > 0) and

N - .
\&ﬁ/ e £, (3.71) 15 uritlen as

vy
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ot * o =0

The solution of this eguaticn is obteimed by substituting

@(x, t) = [a"*1 4 (n + 1) A¢gJVm+D

in g, {7}y expressed in £

foo 0 = ()" At ).

-m

If we further make the statement £ = O for fo‘ we can see clearly how

5 =
the change of distribution is dependent on the spoctrum:
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ie,, £=2 o fo after its lapse, In the collision proccsses effective
hera, n lies between 0 and C,5 in the renge of dnterecst here, The slbedo

neutrens investigated in sec, 7 furnish a proten spectium which ecan lere be

largely represented by m = 1.5, 1. e,, the times 3,28 and T§ are upproximately
comparable, Writtan out, definiticn(j,ngthen resds

b T«

TSR F1 e (3.29a)

With (3,28) and (3,29-3), the magnitudes N « T and/or N '75% are plo“tsd in

ig, 3.2 for the mest importent procecsss; dvision by N consequently furnishes

o
o]
d
[R5
’-J:
6]
%)

pan in seconds,

L o Impatlrment of Adiabhatic Tnvariszats

+he sbsence of collision

In addition % collisions, we may alse imagine losses throupgh the disturb-

ance of the adiabatic Invariants which are what provides capturs in th

o
\‘{n
w.
e
[
o]
Ux
]

trial magnetic field (cf, subsec, 2,1). Singer (1953) was the first teo point
ut ths imprirment of | when the rvadil of gyration are so large thet the in-
homogeneity o¢f the magnetic field becomes scnsible in Lhe range of the oirel
of zyration, Welch and Whitaker (1957) dirscted attention “o the dlsturiances
in Vime of the field which ware investigsted in rreater detail by & musbuy of
authors, by Dragt (19A1) and Wentzel (1951, 1942) in rogard %o w, by Parker
{1961) in regard to J and by Parker {12%0) and Davis and Chang (1952) in ra-
sard to ? on hand of special models, Thers 1s v dntealion at this polrt to
widertake an evaluation of their work but an atterpt 1s made, starting Trom lhe
simpl est concelvable example, o sezrezate the erera

inwvaslants and to obtain, in the absence ¢f a genera

der of magnitude and the qualitative progress

o

rluzions Dy analogy,  EBven though it slgnifies s veinforcement of confiieacs




in this procedure that the findings of the special investigations quoted above

+

fit into this frame, 1L still remalns hoertremely high foctors of

FEA PREY P 1 e
On the other hand, the

only to constitute Ir thals
mainer & base on which lhe requirements for other loss precesses whleh nust
" .

necesserily be postulated by reason of the fallure of & modsl %Leking into ace

(Y

count only collisions (ef, subsec, 7.4), can be interpreled someihat Curther,

4.1 - Disturbance in Time in the Homoreneous Marnatic Fisld

4

The developmant of the eguation of motion of a charged particle according

to the magnitulde

assumed as small from which follows as a first spproximet)

the constancy of Lie

(9]

indication on an impairment of the invariavce; 1 resille 15 ennsbart in ever;

order (Hellwiy 1355; Schluelsr, Hertwsok, 1957

cnifies primarily that such & devalopmant doas rob corwverse and that s wash
follow other paths in order to obtain usabls :zotimates of Lhe shune of
This has so Mar boon Jdene only

the disturbancs in time of 1 hoacgsrsous magaetic Tlsly, ohall pow Yo betefly

considered in the hops that
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in which § = the phase in the circle of gyration; e¢R_, = distance of guiding

g
center from coil axis (both at start of interferenns) =

a function dependant on the irace of disturbance whose form 1s, in the case

of a very rapid change of field,

—B 2
|p|=-&—_.—° for i<l (h,3)
2YB,B, Wy

and, in the case of a slow change of field, is of the type

o

w
IPINCXP( K——;o) for }s<0)go ('.'.!'.}
1 ‘s . - ot T
are measures the time during which the change basically itekes place, In

a specific example of the authors quoted as well as in an enlire class of
field changes encompassing this example (Backus, Lenard, Kulsrud, 1940),
value of the constants ¥ in (4,4) resalts as~ /2, The factor befors the e-

fanction depends on the exampla; particularly inportant is the stzxepness o

+

the desrezse of A/ Uy if the disturbances 1s slow in relation to tha charaoc-

¢ freguency, In the followinz, the interest is on asmall Jicturbuncss

lea
@
=
[
]
o
s

of « mignetic field constant in the mean, Coaseguently, in the conflguration

h)

ndividual A

re

S

=N

considured by Hertweck and Schlueter, the affect of a cosinoid

. . \ -1, , . .
turbirice of the daration (/2 ») has basn trested, The rosult 1s communinated

without Zemonstration:
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Fig, 4,1 - Variation of magnetic momentd in a homogereous
megnetic field at a cosinoid disturbance of the
field of duration 27 M and the amplitude A8, .
as a function of the ratio of non-disturbed =
gyration frequency ¥ __ to the interfering fre-
quency ¢, &0

L, 2 - Disturbances in Time of the Terrestrial Magnetic Field

Kruskal (1962) has been able to expand the result found foru to a very
Zeneral system with multiple almost periodic solutions, i.e., that the adia-
Latic variant appertaining to the respective periods (given through the cor-
relzted action integral) are constant in all orders of an asymptotic develop-
ment according to a magnitude of disturbance defined according to (4.1).
This includes in particular also the free invariantsu, J, ¥ in the terres-
trial magnetic field which can be derived in snalogous manner from the equé~
tion of motion of a charged particle as phase integral by successively
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eliminating the periocdicilties of motion., The equivalence with which they appear
from this point of view gives rise to the conjecture that the situation is simi-
lar also in their actual change under small disturbances of the field, Let us
therefore make the attempt to describe them, in adaptation of (4.2), quite

generally through the statement
dp AT 49
w J e
and 'Plz of the type of (4,5) and to place all difficulties of the specific

= K cos yo | P| + Kig | P2+ - (L,6)

process in the constants Kij which are evidently dependent on the model but --
1f the wave type is actually effective for the disturbance -- should not be
too far distant from 1, The irdex i (= g, Osz, D) refers to the three charac-
teristic frequencies, In fact, the findings of the investigations of special
cases of this problematic quoted above concord with (4,6) whose indetsrminacy
is initially not greatly important because it is exceeded even more by the
lack of knowledge of the kind and distribution of the magnetic~field disturb-
ances,

The picture imagined b& a mumber of authors, and in particular Parker,
of the occurrence and propagation of these disturbances shall here be briefly
sketchedr Through the interaction of the interplanetary plasma with the ter-
restrial magnetic field, numerous disturbances and hydromagnetic waves are ex-
clted in thess border areas where the eneryy density of the field and of the
plasma are comparable (Parker, 1958), We may conjecture that strong excita-~
tion no longer takes place further inward, However, since the freguencies in
the range of the local frequency of ion gyration are strongly attenuated
through phase mixture (Stix, 1958) and still higher frequencies through inter-
acticn with the electrons (Luest, 1959), the spectrum of the waves travelling
inward in the vicinity of the earth should be almost cut off approximaetely at

the frequency of 1on gyration at the inner edge of each excitation region,
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The inner lorder of thls reglon vas e timated, e,p,, by Parker (1941) zs

5 Ry (£ 0oy = 2451) and by Wentzel (1962) an 8R, (L wmuy =691, (These indica=-

4 g - - . o R e . A g . 5 B PO B 3 e e
Lions are always uderslood 4s in the egusztordial plane; all freoencies are

expressed as angilar velocities® - 27y, ) ¥ate and Tameo (13477 zlse derived
2 <
S oy g i . i - by S -4 3 R [ TP 43 o
a2 minimum froguency P 2«10 87 from the finite eipansiorn of the roglon
r

of sxeitation,

The propasgation of these waves inward is a d1fficult problem because ¢f
the geomelry of the field and the variable densily of the gas, The flnite-
ness of the lenglh of the field linss resulis in characlerlastic fregquencies
whleh should partially or fotally reflect waves entering from the cutside, de-
pending on Lhe respective type of wave (Kato, Tameo, 1362

Without conslderation of geometry snd dlcpersion, Parker (1941) merely
demands the conservation of densily of the crnersy flux of the lydromagnetic
wuves and finds the relation

AB - v, = const.

(4.7)
82 -
between the square of the wave amplitude & B and the velocity of propagation
whicsa is here approximately equal to the Alfven veloeily \k' From the joint
actisn of the trace of density and magnetis field, there results 2t ar alti-
2

‘

Ol oa maximum of Vv, whic 1 oarounts to =0 5 ¢ 0T om s

tude of 3,00

Lo Parvier who estimates the drop oublwurd assr 7|

Lesipatlon of the waves in the lorosphere ind the phenomens hsre

»1ded make 1t difficult to conclude on the clirsumsiancas st high o1titadec

Trom observet lons from the ground, However, the so-c2™led coniim.ous goo-
marnetie pulsations {pe) according to Obaysshi and Jaco®os (1953) ghaw o free

L §

queney distriimtion whese mexirum has a congideraile dependence on lablitude

3 ey .. M Y omeeen EATNEE S Y ey b ETR .3 LA P gy & . 3
wales correspornts to the ‘race of the characleristic Tregaeoney with the dise
4 C. ] RN ms Al v et e Y R 1 qF .
tenee of the field 1inss,  The dlspersion of fregusicy is, hovever, ey



large, even after low values which are wezkened by reflcction,

Of more impertance for the present problematics are the measurements in

the exosphere of which there are unfortunately still very few, Sonett and
associates (1960) determined with Pioneer I and Coleman et al (1940) deter-
mined with Pionecer V strong fluctuations of the magnetic field of the magnie
tude of its mean value between 10 and 14 Re which fit very well into Parker's
concept of the excitation of hydromsgnetic waves at the limit of the terres-

rial magnetic field, The spectrum of the amplitude square on a geomagnetical-
1y quiet day on the side toward the sun is, according to Sonett et al (1960),
roughlyfvw‘l between w = 0,1 and w = 35'1, An analysis of the Pioneer I data
at lesser altitude (3.7 - 7 Re) (Sonett et al, 1962) resulted on the whole in
similar findings, except that some "spectrum lines" are superposed to the
continuum which we shall here neglect, however, The continuum can be repro=
sented at g = 4,5 between ® = 0,2 and & s~1 (azain as & rough approximation)
by 4°B(w) ~ 159w , The experimentally found limit frequency of Do & & s
allows us to loczlize the inner border of the excitation region at =~ 8 Re‘ The
magnetic veclor of the observed fluctuations lay predominantly parallel to the
static field,

Let us now abstract from this material a model which is regarded as charac-

teristic for magnetically quiet days, i,e., for the mean benavior of the lerres-

trial fields. The indicated approximation of the frequency spectrum at Q = L5

shall serve as a basis and shall be extrapolated irward through equation &,7:
~ 104 (o \®
A3B — = for 02w < 652
B~ e (4,8)
0 0 o> 6s1, )

As expressed in (L,8), the couservetion of the form of the frecusncy
speclrun in wave propagation inward, a consequence of neglecting refraction,

is rather questionable, This further uncertainiy in the conclusions to be

1o



drawn belew is o bs streossed here emphatically, By order of magnitude, (&, 8)
furnishes the same values ac were measurcd undsr contimious pulzation in low
altitndes (Kato, Saito, 19%2),
From the exlstence of o maximum disturbing frecquency and the requirement
that the characteristic frequency must be smaller than the former (4,6) in

order to producs any eppreciable change of the adisbatie invariants, there re-

salt 1imits of the snergy ranges at any distance in which a dfsturbance of the

adlabaille invarlants 1s possible, Accerding to Welch and Waltaker (1955 and
Dragt (1961), there exists a possibility, although we always have ® . > W s
also for the impairment of u, provided that
_veosy

(4.9)
i,e., if the disturbance in the system at rest of the oscillating guiding cen-

‘w” é @ Vy

ters appears Doppler-displaced as far as the gyration frequency or beyond,
At @ = 1.5, the proton energies at which J is no longer a satisfactory

invariant, lie below 6 MeV; an impairment of & may therefore be already ex-

pected below 2,5 GeV, By contrast, the range defined here by (4,9) extends

above about 4 GeV where we state cosy =05 (;‘ﬁ,,. = 15°) and v = 5 ¢ 108 cm s.l

Fig, 4,2 represents the characteristic energy ranges for higher altitudes
(with small v, ~ g-z); an extension dovmward is avoided because of the un-
certainty of the behavior of the hydromagnetic waves, Of great imporilance for
the existence of protons in the radiation belt is the steep drop of the mini-
mim energy resulting from (4,9) (Dragt, 1961) as well as the fourth limit curve
covtained in fis, 0,2 which shall be sxplainad in the nexi section,

n referonca to (8,5), let us now estimate in the ranges 50 characterizerd
the Liue scale of a verceptille clanve of L, J, 3 Initially we “ske the mean
over the phase argleX o in (5,30) becruse the disturbzaces are conzidered ‘o be

Flven ebiq e oo b oagaad sdg o
Lhe characteriotio



frequency ~ furnish

cording to Tir.

“he amplitides

v.( 5)
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bin

o fddsturbonees per
unit tims ‘»Ci[E 7, we then oblain for the voriation of I as far an factors of
the magnitude 1:

A0 (42¢) AB(wp)wp wp

—_ - —

o - o ¥ B2 2x
To
If an< Lpaxs there follows from (L4,8)

2 8 ;
1_d D) 24 . 1079 (i) wp (h,10)

and correspondingly for J

1 a4%J) e\
Wosz < Wmax* o _{ g 24.107° (1—’3) Wosz - (4,11)
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L 1.0 (Y A . « ., * £ -
(£,11) 2lse acprowinately indicates ine time scale of the tmpalirment of ¢ bee
2ause orly few Afsturbances of relciively large arplitude (vicinity of Iquator!)
ares neownitered during onc csalllation, However, o . omesl be subslituted in

Qe

‘

an entirely Jifferent energy rarge {of, £ig, %4,2), An impertert acszuplion
mede ‘rithout further dlscussion is that the 2isturbances of the tervestria’
macnetic fleld are of aqual eflfectivensss in regerd to & variation of the three
invariants, However, this is Uy no means a matter of courss,

The effect of a statistical variation of & and/or u and J is wssentlally
(cf, belor) & radia) diffusion andfor one followinz the field lines of the rr-
flection points, It leads to losses to the interplanetary space or the denser
atmo sphere; ’l"é and T:I can therefore be interpreted as life spans, In Table 4,1,
they have been calculatad for p = 1,5 and some energy values from (4,10) and
(4.11) have been compared with the oxygen density Nequiv which leads under pure
collision losses on the basis of fig, 3.2 to the same 1life span, If the mean
atmospheric density becomesX (7, ¢) < Neww » the finite duration of the adisbatic
invariance can no 1onger be neglected,

~Table 4.1 (e = 1.5)

E [MeV] ! wosg[871] wg [s71] | 1y bzw. 1,(s8] to[8]

IT’ quly [cm"]

0,3 1,04 4,0 100 2,5 100

1 1,90 2,2 .10° 1,6 . 102

3 3,28 1,27 - 10 4,0.10°

10 35 -10-2 >1,2 .10 -2 .102

30 1,05 - 101 >4,0-10° 12,3103

100 34 .10 1,2.10° 4,0 - 104

300 9,4 -10! 4,4 .10 2,2. 108

1000 2,6 -10° 1,6 - 10° 8,5 . 105
4000 1,6 - 102 ~ 108 v 108
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the vieinity of the Equator, As will be scen di ectly Trom cipression (2,2?),
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e ratio of disturbing amplitude to nagnetic-field ilntensity of the veflec'ion

for the lmpalrment of J,  Since the lozres here take Jlzcs

Ly diffusion ¢long the [leld into the dencer stig sphere, therc orters inbto Lhe
olfective loss lime not the field irtansitly &% lower latitudes oo o (4,110 but
. . ~1

at constant altlitude, Trom this and Tronm "”o-N€ and from (%,7), there
wd &

consequently results an only g
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turbance by J. An entirely different behavior of the ‘mpalimert of ° will be
fouad fron the oxpression (2,9) for the veloeidy of drift¥., T+ farpishes Lhe

~in contribution to “p for the omallest magnelic-fiell intensities where the
disturbances in a radial direction also become most effective through 28/¢t+0 .,
The decrease of the probability of locus in this range with increasing latitude
of reflection point is compensated by the factor cos | before 88B/8¢t , The loss
time under disturbance of % is therefors probably only slightly dependent on
T and therefore on g about as in (4,10),

In contrast to the investigations of Parker (1962) and Davis and Chang

(1962), this entire consideration is oriented on normal magmetic conditions.

During magnetic storms, there will probably occur briefly considerable reduc-

tions of the derived time scale which may be in the mean of the same importance

[ 4]

for the particle distrimtisn as the continmuous ddsturbences, Thiz quastien

will bz raised once more In sub-sactisn 7.7 3n resard ‘e cbsarvetion,
&
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long o Vhe cvundrness of one or the other

Vherces the valnerability of the adiavatic fivariart o, ro alvesdy mcnilc.-

edy siould lead in the lauer belt prectloally to the comslebte elinivoiion of

o o X sy b Yy e
ard Llhese processes can Lherefore Lo
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interception of the spuctrum, it fs lrpertant in the dishwbance of & or & w-

N

orly one prucess iv of importancs vespestively -- Lo o'udy the Lehovios of i

g 2\ o A [ ne VL BRI P O N S R ~ LN
maotlon param From (2,24}, (:,:.,‘,., £2.23) and Lhe deliidtion of Q, Lhere

p~pnied
J~pod (Caln)) (h 12y
P~ ‘
in which ({,(N) is given by (2,22) and (2,15)), From this, we derive the fol-
lowing relation:
for - J = const., 4 = const, & = const. 1
there is 71T (Luln)) ~T ’
p~t
= const. (4,13)
and for ® == const., u = const., J = const.
e~
p~ o™
-~ R EIR
72 J (Cm(m)) ~ ¥ S

with 2 monotcioasly inereasing fanctior n(v) whick ldes be'lwoen 1 and S

ne diffusior alonz the Ficld lines at J = const, and thet in ¢ ot @ F
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protons through the accelorniion of any loveousrgy prebons (soc alzo
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Parker, 1951), An effective aceceleratior would therefore Lo oeoaible orly under

. .

impairment of u which would then condition, however, such a drastiec chortending

of all time sczles that they would be completely liccmpativle witli the 1ife

spans resuliing from Lthe interaction with ithe etmocphere (see subnes, 7.54)
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This 1g valid for the protons in the lrrer Van-All
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The mathemztical treatment of diffusion requires & change of definition
(2,31) of the distribution function; this is now referenced prefersbly dirvectly
to u, J, & because two of these varisbles remein comparably constani respective-
ly. The disturbance of J and/or & can then be described by a Fokker-Planck
Equation in only one variable with a diffusion coefficient (4,11) and/or (4.10).
The transition to the magnitudes p and T, physically more easily interpreted,
can then be carried out essily through (4,13) and (4,14), The most difficult
point here will be the conjunction with another region where the collision
losses predominate and (4,13) or (4,14) are no longer valid,

4 3 - Tmpairment of u in the Static Dinsle Meld

,«.
£

If the discriminant (%,1) in the static dipols fiel:

4 — (v grad) B| (i 1c)
w, B
15 no longer small in relation to one, the Alfven approwimatior “resks downy
wodle o lonzer a satlclactory invarient, Singer (1959) has thue evpleined the
Alrence of Dipheecrersy pirotons in the eulor Van Allen belt, The pooblem of
tow biae shsent homosenelly of the Cleld cver o cirele of oyratlion 28 morgured
Ly (11_127, eraelly affcols the tmprivient of w hao anflortanately nol yet Leen

LA



solved satinfeelorily, The comparison with numerical inlterrations ¢f Llie conm

lele cquations of molion tecomes difficult by the fact that the clsnzes of

Y

. b 4+ Yo s M . . . b N Y TR Ak P ~ s o1
¢, are so small that they Lecoms perceplible cnly after 107 and

5

more gyration periods, loreover, it is not always casy to corelude from one

[

geometric confiruratior to ancther

IT we now come baclk agsin, with the aid of analogy, to the case of the

)

disturbance in tinme of a homogeneous magnatic field ac wepresarted in culsec,
4.1, *this will heve 4o be done with zresat care hecause of the profoun’ 318«
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static magnetiec field,

The finding of Kruskal (1957, 1962) that yu is constant in every order of
the development of the equation of motion according to d, makes it obvicus to
describe the relative change &M fu through a similar expression as in the border

case of a slow change of a homogeneous field (4,4):
L ~e T (4,16)

It should be pointed out that this function camnct be developed arcund

Cha
i}
[}

C. Garren et al (1958) have confirmed the correlation resulting from this

-

o4 Jrery

sep b ration of the equation

ied
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sn & /o and the velocity through the numerical intes
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rost completely determined throuch the thonpe 11 the ecuatorial plars where

& reaches its viavlbram,  The orities) value 3. will therefore be “le maximeg of

g over all phases . idn the equalorial plere, In “he dipole field,
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15 independent of ", However, this does nol mean thal the constanl sceurring
in the exporent of (4,16) is independent of 7, In anslozmy with (£,2) 1.0 us

Lierefors make the following formulabion

Au _Fum) _Fm
= =hme® e = L p e a (4,13)

The function G(£) can be assumed 2s an approximstely sinoid function ace
cording to the calculations of Garret et al (1958) and Grad and Van Norlan

(1962), Nothing further can here be said on the funsiions F, (") thar that

their asymptotic behavior for T = 1 must e o that % A - O because & pariiecls

corpletely captured in the equatorial plane cammo® again lsave the latisr,
For mean values of m, it 15 azain assumed that Fl(" s .-3(7”,\1
lies in the vicinity of n.
For the calculation of the cumilative effect of many oscillations, it is

{ importance that the change of phase difference b— &= Qw,/v" dl, traversed
during one-half oscillation is a relatively large mummber at a small change of
n:4ndjdy (& — &), This signified (Grad, Van Norton, 1962) that Ay/u is a funce-
tion of the initial phase Eo oscillating so greatly after a large number of
oscillations that Ay /u can be regarded practically as noncorrelated with € o
It is then permissible to take the mean simply over ic. On the assumption

’2
|Fy(n) G (%), L Fy(p)iand from u ~ 717, there follows from ihis

U0 o gy, -
2/1, - 17 3
o ’ ' £ A
(A%) <A277> wosz 2 — Fun) 13 }
= N TR e

Tarat o {4 % gy 13 ameey? g mor’ S
tacause p = const, and e - const (thscram of encrgy and anglar momenlum! ),
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oven a consideralle error in the =zotimete of the funeticns

S S X} o - . 4 PO VIS, PN e
grastly significent whoreas lhe times ary oritically Jepwnlept on 707

mo £,

o~
_u(" [ SR
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nﬂ
(4*n)

300 108 1
600 10° 10
800 107 107
1000 108 108
1500 106 1010 -

[s] Negquiv [em™?]

in order to make a compearison with the olher nonendialalic effscls dlse
cursed in the preceding sqcllon, let us consider an cazivalonl danclly of 107

e 7 oas eritieal value and define a critical discrdminant whore the ospeshen

(]

.

of ths captured protons ls sporoximately interceplad upon reaching the Soimer,
hecording Lo (H,17) and Table %,2, this is & 0.165. The curvs d g0 = &
is plotted in Fig, 4,2, Its trace over ¢ is much flatbter than the one dafined
by (4,9), This should make it possible to distinguish the iwo effscts,

It is of interest to compare this determination of dj with an entirely
different determination, i,e, from numerical integrations in the dipole field,
R, Gall (1962) very roughly differentiates such orbits whose reflection points
still lie there where they are localized by the Alfven approximation, from
thoss orbits which glearly deviate from this and do net have any fixed reflec~

s
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PN
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Lion peints, The aulhor hece {inds a

f‘\'t

' dependency oa T tat dif

-

only very rougnly between large and small 7 and indicates &, = 0.17 uad/

2 “he limits at which the Alfven epprowimation 1s still valid, Thic 5411 doss

nol say snyihing on the behavier under many oselllstions, 1.e., a sizration of
Ui reflection polints, uat 1t should be noted cs an lmportan® ragili thel Lhe
cpritled] diserciminant apparertly tecomes soppreciably canller itk tocreasing
Tatitude of the refMectlon pelate, Loe,, with cmeler ™,

e oshall entur on tie enplolesl detemingiions of G by Slnger livipg the



= Celeulation of ilean Density

I order Lo be able Lo utilice the ucourasy
tlons or2 known olse in thelr zbselute valus Tor calzulation of particls iloe
tributlon, a procedure is requived which zuarsntees wilhout ton zresi an ex-

enditure & usable maan of the almosphevic dousity over the orbit of the
gulding center, MNumerleal indications on these orbits oxist in “he Talb
Jenssen, Murray and Welech (1960) deseribed in Subsastion 2,73
here 1z to zpproximate this numerical material in such mannare tha' the sccurrin:
deviations are small in valation to ths scale
in the regilaons contributing upp selably to the mean valus, and glse to take in-
Lo consideration to a reasonable sxtent the capscity of the available computer
and the time of computation required,

Let us start with the assumption that the density of number of each atmos-
pheric component can be represented for these purposes as a pure function of
the distance s from the center of the earth and the time t:

N=Ns,t). (5.1)

This requires a justification because, beyond 300 km, the density is sub-
Ject to an inecreasing extent to considerable diurnal variations as we know
from the deceleration of the satellites (see, e.g., King-Hele, Walker, 1981).
Howevar, since the drift period sf the protons to be invastigated amounts at
the most to a few hours and is in general much shorier than thszir 1ife span,
they exparience several itimes the dlurnal cyele s» thot 1t ls pemissible ‘o

conesive of the mean over the dturnal ecycle az M) ad +nd to Meamice

with the Lime © only intervels whinh are lavee bto onc day,  The

acidition of the so far nezotive esilt in the

whion of o derendencs

on lotliidz of the lansity at a few 100 kv of altitude (Kinpg-Hole, Walker



in tie follewing, we besieally utilize the possibility of projecting the
torrectirial wagrnetic fleld on a dipole fleld zs discasosd in Subseatian 2,73,
dere, In conlrast to reality, the oviits of pariicles are concsived in o

pure dipole fisld and the spherical shells (s = const,) cencentric with “he
senter of the sarth are bent in such manner into the dipole fie7d that the
correlation of the spailal points Lo *he dipole coordinstes dsfined through

LN kA

the representation (2,28) and (2,29) is maintained., This procodure suseabisl-

ly facilita'ss computation witheut leading “o any nobtabls arrors,

‘ 1, ¥ L
Trom {2,28) and (2,29}, there result the coordinstes 3%, 07 to (2
from which the distance s is tabulated as a function of zrographie lotitude

and Tonzitude in the Tables of Jenssen (1940), In fast, however, s ig desirsd
as & Tunction of a parameter X which is inversely proportionsl to the local
drift velocity, Strictly speaking, this is a difficult demand, However, withe
in the frame of the desired accuracy, it is sufficient to approximately identify
the length defined in the customary geomagnetic coordinate system with A, In
moderate latitudes, this is already true for the geographic longitude., We can

therefore regard s(g,g,k) in principle as known, The mean density thus becomes

Lm(n) 27 !

= 1
—Lm(n) O

The search for a Tavorable representation s(g,g,u will logioally be
guided by the actual form of the invariant surfacss of whieh figurss 5.1 to
2.2 ore interded to give an dmpresslon, The first shoss the projeclicn of

A £
Sowe corresponding curves of constont 3, J en Ve surfecs of e earth ulth
altitedess dndiented i im,  The, wore seleched so thnt
Tae same altitide ¢ lonciade 100, The rost netello
they ceuch thelr Tovest altitads alese Lhe Doutiern Allantic Oruan, 4, e, tae
AlfTerence 1o relalicor o otner Toogltudes 2nd espoctally dn relation Lo ths
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conjugated northern points is so gzreal Lhatl
100 lon o it s found in the viclalty of the

dowdna bely PR
L0 (K NI& o, '} raea sling

olher rezions in the mean density incresases;

mich concerned with the details of tie orhkita
in Lao of the munner of Zdeseription: within t
2s far as possible with an aceuracy of 2 (10-2

simple overall wepresentation whisch doss not
tions of 4+ (200-300) km becsuse, evan =t & e
o~ *
nitide, the influsnce of Lhe Atlanblc snomaly
[3

the error in dsnsity hore below 207

€

A typieal example for the trace of altitude

above the Atlantic anomaly is given in Fig, 5.
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It is shown that the calcu-

lated orbital points can be approximated with great accuracy in part linear

in any surface J*

const,, i,e,, the selection of the salient points i

1,

«+es 5 can be made so that their differences of longitude for J; and all B*

are respectively constant,
lient points

Co

with a power law with two individual

Clk

si(B*) = B

nstanis:
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shell ro Q<

v 3\ e S P T AL P R T & T Y PRUR s ek
- Jomeerne o, cvennd the incle with ¢ sorfoes I oonat

£y ~
Vg =0 0 J*=QJ(C):rli(-‘)‘72
-6

. I+ . ”
T Cz —q (J*) 0,601 —r— — 0,1938 (T) for — § 0,3 ’ - IR

*\ -1
1 — (0,978 + 0,706 i) for ‘E > 0.3
r .

r
T et e J‘<J* * Moy e fgenem bt a o e e Te P et =
JURS I N St R k= (Q, C) <Jk+1- HENICTIN SEORYS A1 SR Ui S DUNN SUIN ST of S8 SRa GG L o VRN
the potnts
JE\]Ys .
r = = !
’ Ck [G(r Or r: é.k+1 = G {Z‘jﬂ /'>
r
2l L the ioole field conzesuently
2
Bt_’1+3ck Sy
P=—, S
PR . * L . J < B . L
caleulete the dictonees sp(BY) and sy (Biy) celonging to fixed 1 and interpe-

late, in proportion to the difference of latitude ¢ - Sx

8ikeq — 8
8‘(9’ c)=ﬁ(c—¢k) +8ikr ; (506)
and correspondingly for A\

Ao, t) = QA — A4
k+1 — Cb

The quality of this procedure can be approximately estimated from fig,

€=t +ddy. (5.7)

5.3 in which the altitudes of the salient point i = 3 over {, i.e., over the

latitude, are plotted for three levels v - const, In the concentric dinols

iy

l«“

Field, ihey would lie on horizontals, Tt may Le sssamed that ne deviantisns

apprevisbly greater than 20 km occur in the llnear inlevpolation (4,6) alowy
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Fig, 5.2 = Demonstraticn of the interpolation method util g‘gvef ‘1e‘¥.ween

the particle-orbit data at v&rioua values of ¢ by maintz
ing the g.lstgn(:e r =¢(1 - ") in the dipole field Delong,—
ing to J
field of an eccentric dipole (Parkinson, Cleary, 1958), With an eccentricity
e at a length of A g+ S results, provided the center of the earth lies in the

equatorial plane, from

8 =1+ ¢ | 2ercos f cos (A — 4,) II
ife<r:

8~ r+ecosfcos(d— A,.

Corvrespondingly, let us hers make the somewhat enlarged lommulalion (cos f=y1=p z).

w@ L A= (1 =1+ YT— F(ecos (1 — 1) + o). (5.9)

By comparison with the date ¢f Joncen eb al,, we find wi J, 0 lmm,
ce t Ry = 190 Looand o= for geogtaphie longitale 1259, & rathar cotlclac
Loty repswoentation whiell contating, of the Atlantic anoaely,
aloo et poettive and mepative devislleve of 200 " mostiiia,

T the cxproccicas (5.2) and 15,00, intemraiion wvar 3 (Rarsties .7)
1o Lo be eoryied cut sl drn generzl, Tel we hern acke Towr aren corpoen of
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the atmoophere the simple Zsothermal formilatlon

Thot this formelation soncords witl simple theorles of the cioephere -« the
layer of the neulral stmosphere berinning abt about an aliitude of 550 km in

vhich the collislonsz can be ne

a3
o

o also follows from the rumerical integration of the equatiens propounded

by Johnson and Fish (1940), should here no® be too highly evaluete? because the

basic models are cartalrl, too simple, espealslly Ly resson of raslocting die
urnal variatiens, (5.10) is to be ralher an ioproxbaction formils valid in
port which hos primerily the advantage of reducing *he delermivetion of densiy
W be made in Subsection 7.4 from the distribultion of equilibrium to & mers
varistion of the parameters No and b {(which mey bLe morecver slowly veriskle
functions of time),
The contribution to mean density furnished by the Atlantic anomaly south
3
(<L) of the magnetic equator J = 0 between the points i =1 and i1 = 5 is,
according to (5.8) and (5,10),
42 ' 4.t )2
- N4(e, -—C,t)—-— N(t)e MO =
2z .-
(5.11)
1 ¢ N(s, t) — N(s;
=—*2Al,-h(t)- (h) (t+1’t)
2rich Siy1— S
with 4
Al = Z Al.‘.
=1
The northern hemisphere (+ [) is daseribed by (5.9},
2n
1 Vl ¢ ecos (A —4,) Vl — (%
— e & di= —_—
2n h
1]
with the modifiel Tossel fuetliorn of usere onder now dc T el "he wlele cxpress
slen foo the weal dencliy fe
N¥(o, + ¢, 0) = N(o(1 — %) + YT = de, f) (hm iz, 52)_ TRE
Tnoorder &loo te lnclude the remeinder of the oxuit in the coxtliori. herloohore,



let ne simply wmidlticly (5.12) «ith (2 - 8% /2 =) This i dSvaceariic inm cences)

=t

x g o o . . - T Y N DU

but, the ervor which may aneunt to sboat 520 of (2,12} for larze waluso of

VI —C%eh! carrics 1itile wraizht Loesuse the influerce of (7.11) %her larsely
prefominates,  In the opposite border eass o/h - 0, en the ether hand, this pro-

3 . . s /- hY
ust accurate, Thus there finally resulbie from (Z,2), (7.11]

~adure becomes

.
v

and (5.12):
Emim)

= apl \
Fenn=[|@Z¥e -0+ (2 P esolumna ooy
0

The division in two parts of the Jescripition of Lthe particls oruits sullors
from o furiher deficicncy, At reflection points in the vioclrnity of the Tauae
By o 1

l o kY

toriel plane over which the Atlentic ancmaly (as will be seen from £iz, §.79)
actually extends still further north, which has been nerlected 4in (5,12), it
leads to an error of one factor which lies between 1 and 1 depending on scale
height, This must be taken intoc account in the calculation of the distribution
of equilibrium but is not rezlly critical because, for Bmﬁ“ 5, the error al-
ready lies below the accuracy limit of the total calculations at a seale
height of 70 lm, Tt is difficult to estimate the final error under this ap-
proximation method because all results are obtained by integration over many
spatial peints, Tt is estimated that it does not cosentizlly excect the ine
fzeurazey in the caleulations of orbit whizh ameunic W sboul + 10 km so thot,
at any scele height of more than 60 lm, the caleulated values of F;‘,g} gnould
e relisble within 30% or lees
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or through the charged conditions dus Lo *the hydromsgretic woveo neoducnd, or
else these disturbances of the magnetic fleld lead only within the range of
the radiation belt to an accsleration of unsprellicd low-c.ory prrticles
(exiiting in © =mxfficient gquantity) to tlo casrziss obocrvs?,  The oonorete

Tovrmalation of bhese Lao concepts i obvioucly o diffioalt task, Correspoasi-
ingly, we can say very little as yet on thelr sienificence for the captured
corpuscles, In any event, there exists n numbsr of sericus objeciicvns: ia

the first case primarily on the part of observation (Dessler and Karplus, 1960)
and, in the second case, through the impairment, necessarily always accomparny-
ing an appreciable acceleration, of at least one of the adiabatic invariants
which would tend to lead, however, rather to increzsed losses by diffusion than
to 2 prolonged increase of the radiation intensity (cf. subsec, 4,2),

Initially, only the third suggestion which utilizes the detour over neu~
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el marticles, is open uo ;"C.r:.:'f.l tive twrast tigation, A G QU
S A

stk -~ 1 - 4 L VI L B S _ K
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Liglenees of proten capture are to be clarified, That this

.

R S s m - \ L v s N o~ [PUPUET (LTS T D |
poosinle Indenendently of the energy distriwtion of the reutrons lo condia-

[ T i IO SR L
foreush thelr leng Tife ¢

of abeut 1,000 &, an drterval of time in uhlch they can cover far wwestor A1

tances wt the velocities considered, than the dimencziens of the ~adiz4ier

and by the fact that the proton absorbs the entire imoulse of the reutvon

a relative error of the meznitude of the vatio »f mass of slociron/proton,

LY I N . - AR T DR TR o
Fortover the energies & 100 XeV) are large enough so that the “oflusnce o

the gravitational fisld 2in be nezlector

For neutron intensity a2t the altitude r) let us make the form

ro . PR TR | . . :
I,=1I(x% . ) in which 4 is the distancs of the zenlth at the locus P

-ty
&

~

ol
4
o
o
c
je
e}
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7. The Jistribation of orientation is taken inte aeccount 2g rotation- sy~

metrical around the vertical and the spatial variation from the geomagnetic

latitude @;' = sin.B') is taken into account, This is reasonable because the

active cosmic radiation is influenced by the terrsstrial magnetic field and,

in partieular, the lower limit of energy of the particles still reaching the

surface of the earth is a funetion of magnetic latitude,

The task now consists in deriving from I

N

a source function Q(«,7;0,t) dady

whieh indicates the protons captured per szcond in 2 tube of fozes of ths equo-

. . -2 . .
torial ¢ross section 1 em™ with the distance

s

1 T

mn+dn), TFor this we nead first the correlatisn belusen I znd the reuts
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the length 2

=S,

1 . PV § 34 5 . D O B | 2 T oy e P 5 i b 3.t -
The nmunbtzr I of the rewlirens widteh Infiltrate & marface element 4o &t
L P \Y 4 ! \ 5 < 0’ ™ S4 4 .
e locue Polr o, o ) and a @ In Popor owatt Uime ic

dN = I, (%, 9, (', t)dx cos ¥ do’' d

with

42 =d-2docosd.

1] ”
¥ ard f ore the angles of the respeetive surface somels W oand noond O le

Lo oy WD
“he M aespe DID (03 I |+ PR medad P noal elne the epl
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irbe

dQ2 =d2do’ cos ¥,

and we oblain

dN = I(x, %, ¢, t)ydx cos B do d . (

ey
1
If 9' and L are determined as functions of the coordinates selected in

P, (6,1) furnishes the neutron flux through & in P,

Fig 61 -

Splanetion of the inter-
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o solnts Poand P,

Yle now consider a volume clement AV =< convex for the sake of simplicity

: cysm 3 < " BRI e 4 Voo T 3 A waae ’
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There follows from this then the entire numbor of Lie protone copluread

ide

Yww Lo R Y a 2 - o < 3
by dntesrition over A%

X Avdo. (6.2)

cenceed in subsce, 7 L the lgcus of the sartiscle con heoo

20y d

3

also be zoolaced by that of the zu'ding center bscause the neutron flux coarcel”

~

caangas curins one radius of gyratlon, It then bacomes easy to orite “he sume

.y s

. - ) s Pl 0y . . ’ o

mation of all contributions (£,2) to the sourcs funslion 2~ . e, 1), We
fixed value «f the corinsponding anrsles of oriital
BT 3 3 w r PO g R " o " - ) R (™, B R v R W 4 -
inelination v, ) and m — 7, over all values of 2 which furn’ sk a direction

leading from P to the spherical shell r = T, and then over all 7 hetween

K

P

- {,M) and + :nm(“t]) (ef. 2,22} by teking into sccount the variability of the
cross-section of the tube of force, With (2,17) and (2,24-a), we obtain

dV =dl-b*()-1em? = R0 Y1 +3{2dLb%(¢) - L om?

and, with (2,18),

dg=smwd,,d5=md5_ }

V1 — n2b-2(0)

From (6,2), there then follows the source function

212—’;:7—dadr] X

+im(n) Emax

Q(x, ;0 t)dady =

2 6, 7)
xfdcfds[ln(a,a;, o) Lo, 3 A
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Je o noel nerely counstitute L

\

ne lrigonenmclrlic relations symvollzea Dy
(6,4), Let us initially introduce (fig. 4.3), at the test point P, a spheri-
cal coordfmafe system (€, §) in which © is the angle of zenith and/or of the
direction from the center of the earth M to P,

a) Fig, 6,3 -- triangle P'PM (law of sine):

. t/l
sind = sing (6.5)
LE

aad

m

+ PO MRS L . t T K T oy
trisnsis U P'D (sphericsl cosine lad

vy

sin 8’ = sin § cos (#' — O) 4 cos f sin (¥ — O) cos P. roon

\ NS

L - e . - Al mgae DL .. - qr
LGNE We elTeye nave 9 L o2 and reoro 3 o o 09 < a2,
=
- " . Z gk Y Ry SR WA S T R P
Lo, the znles in (5.5) and (£.6) sre determincd unianels,
WL e W o K O & “ LR - 3. N, L
ST a7 {0110 ke tue tl‘dnsltlun (), (1) -~ Sy RO i [ERTEIGE PR L‘u 5%
LR PR . ~o Q. 2 N P, B N L Lo AN L, . ' To
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L
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cos O == cos p sin i |- sin yeos i cos & A
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€os ¢ == cos @sin? -}- sin @ cos i cos P

(2.13): osi=i i ran

The four equations (6.5 to 6.8), form together with (2,13) the relations
(6.4), The 1imit € nay 1S determined by the facts that the direction defined
by ¢, £, i in the point (Q, () just touches the spherical shell r = ry, i.e.,
4! =mn/2,

From (6,5), 9’::2} followssthm::v?.and 03 O, == L/ "—(-)2

and

sin i cos ¢

| l/ii“(r;-)g~ cos  sin ¢
(6.7) cos &, =1 MU (6'9)

Although the denominator of (6,9) is always not equal to zero because 0 and
T are values of § of no concern, the entire right side is not necessarily

smaller or equal to 1 in amount, However, then

Sin(iiw)él/;T'—“)zi
r

i,e,, there is no intersection with the surface r = o

7 =~ Protons in the Inner Radiation Belt

7.1 - The Model

The discriminating viewpoint for the model calculations consists in the

fact that only collision losses and, as proton supplier, only the decay of

the albedo neutrons of cosmic radiation is taken into account in an appropri-

ate mammer, As a further simplification, all Lime derivations are stated es

equal to zero,

Only the first of these assumptions can be justified 2z priori at least
for a certain range: the steep increase of radiation at altitudes of several
hundred km is quite evidently an expression of the decrease of atmospheric

density; both sczle heights concur roughly, However, the evtent of the
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extent of this range in vhich collisions determine life span consecuently is
not yet quite clear and is one of the essential questions to which this study
is devoted, That the albedo neutrons of the (galactic) cosmic radiation
create at these altitudes sufficient protons for the maintenance of the dis-
tribution of ecuilibrium has been made probable by the work of various authors
(ef, introduction) but requires more datailed examinatior, The neglect of the
time-dependence of replenishment is consistent with the constancy in time of
cosmic radiation in moderate magnetic latitudes but also implies a restric-
tion to small values of e because primary particles of low energy showing a
greater variation in time (McDonald, "Jebber, 1962) with increasing latitude
and, in particular, also solar protons reach the atmosphere of the earth
(Ogilvie et al,, 1962; Davis et al,, 1962; Winkler, 1962) and can create albedo
neutrons in their turn, Because of the umbral effect of the earth, these en-
counter, however, mostly only field lines with ¢ 2 1.7 (Naugle, Kniffen, 1961;
Lenchek, Singer, 1962-a; Lenchek, 1962), Finally, atmospheric density is sub-
Jject to various variations in time, The diurnal variation which probably has
the greatest amplitude, is averaged during the particle drift around the

earth (see sec. 5); all 1ife spans are in general long in relation to the
drift period, The amplitude of the semiannual period (Paetzold, Zschoerner,
1961) and the variations correlated with the geomagnetic disturbances are
sufficiently small so that neglect does not carry too much weight wherezs the
11l-year variation correlated with solar activity (Harris, Priester, 1962) must
be taken into account, However, if the 1life span is very much shorter than
this period, we can count at any time with a stationary density, This is
Initially zsserted here and 11l later be examined in subcec, 7.7 in regard

to its Justification,

6l



In order to make the model outlined more concrete, we lack two data which
are the intensity of the albedo neutrons and the density distribution of the
atmosphere, e shall proceed so that we make the formulatior. Ni(3) = Ny es—s'h
explained in sec, 5, for the various components i of the atmosphere, and the
open parameters Nio' hi are determined so that optimum concordance between the
theoretical and the measured proton distribution exists at a given neutron
flux (ef, subsec, 7.2). The model of the atmosphere so obtained can then be
compared with other determinations, Any possible deviations in the absolute
amount of the densities will have to be interpreted as indications of the

intensity of the proton source whereas deviations in the relative trace should

give indications on the quality of all of the models, specifically the considera=-

tion of the loss processes,

Z.2 = Albedo Neutrons of Cosmic Radiation

The spatial and energetic distribution of the albedo neutrons of cosmic
radiation has been investigated theoretically by Hess, Canfield and Lingen-
felder (1961), The base of their calculations is represented by measurement
of the distribution of equilibrium of neutrons in the atmosphere to an alti-
tude of 200 g/cm"2 at geomagnetic latitude u° N from 1957 (Hess et al,, 1959)
which were obtained with counters of very different spectral sensitivity, Be-
low 10 MeV, the authors obtain from the flux of the neutrons escaping upward
from the atmosphere through a diffusion’theory. At higher energies, applica-
tion of the diffusion equation is no longer possible because of the anisotrony
of the emission of secondary particles in nuclear processes, The authors here
derive a spectrum of the secondary neutrons from measurements of the protons
generated by cosmic radistion in nuclear-erulsion plates (Camerini et al,,
1950) == on the argsument that neutrons and protons behave similarly at high

energies --, calculate the percentage of the particles decelerated through
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collisions in the diffusion range which permits them determination of absolute

intensity from comparison with the measured data in this range, and find in-

“rrnsity end angular distribution of the albedo neutrons from geometrical con-

siderations of the range of action of the primary particles and of the angle

of aperture of the emission of secondary particles which becomes increasingly

smaller at higher energies,
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Fig, 7.1 - Theoretical spectra of the albedo
tion according to Hess and Singer
Broken~line curves show, above 30
the part of the model caleulations carried out in subsec,

neutrons of cosmic radia-
and to measurements by Bame
MeV, the requirements on

.

7.1 and, below 30 eV, 2 schematic continuatior to the curves
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of Hess and Zame,
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Fig, 7.2 - Angular distribution of albedo neutrons above the atmosphere
for various energy ranges (normalized to 1) (according to
Hess et al,, 1961),
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Fig, 7.3 - Dependence on latitude of neutron flux according to Hess
et al., (1961).

The method has inherent considerable factors of uncertainty which lead
us to consider the findings above 1 MeV with caution, Fig, 7.1 contains the
spectrum determined for the vicinity of the Equator, and Fig, 7.2 the dis-
tribution of direction normalized to 1 for various ranges of energy. The
conclusions from the initial deta at & = L4° to other latitudes is made by
the authors through simple multiplicetion with the variation of latitude
measured by Simpson (1657 of the total neutron flux at low altitude

-2
(-~ 300 g/em , fig, 7.3). From the measurement of the dependence on latitude
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of ionization (Meher, 1962), it may be conjectured that it is more proncunced
also for the neutrons in higher atmospheric layers than is shown in Fig, 7.3.
However, in the low altitudes under consideration here this does not play a
great role,

The idealization contained in the product formulation is initially un-

avoidable, Wentworth and Singer (1955) have derived an albedo-proton spectrum
from the already quoted nuclear-emulsion data of Camerini (1950) which Singer
(1958-b) regards as valid also for neutrons between 50 and 400 MeV and which
does not vary too greatly (AVE-1'8) from that of Hess (AJE-Z), The absolute
amount of the albedo neutrons alone is estimated by Singer at about one order
of magnitude greater than by Hess and associates (cf, Fig, 7.1).

The best information on the albedo neutrons may be expected from direct

measurements above the atmosphere, Here also findings are already available

but differ greatly from each other, For example, Hess and Starnes (1960) and
Albert, Gilbert and Hess (1962) found with Blo F3-connters imbedded in a hydro-
gen moderator, a total neutron flux which agrees with the theoretical expecta-
tions of Hess et al,, (1961). However, Reidy et al., (1962) registered (with-
out moderator) the five-fold amount whereas Bame et al,, (1962) again using

a moderator, found only one-third, These last measurements most probably re-
garded as the most reliable because Li6I(Eu)-scintillation counters permit
differentiation both of the neutrons from charged particles by the intensity
of impulse and, moreover, in contrast to other experiments, the generation of
secondary neutrons in the material of the surroundings was kept appreciably
lower through the separation of the counters from the rocket, On the basis
of the form of the neutron spectmm thcoretically obtained by Hess and associ-

ates, Bame et al,, were successful in reducing the count rate of the counters

with very different sensitivities in the energy range from 100 leV to 10 MeV
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(which furnishes the main contribution to the total flux) to the same true in-
tensity, Above 10 MeV where counter sensitivity and neutron intensity stronsly
decline, the validity of these measurements is only small, They are there-
fore plotted in Fig. 7.1 through displacement of the Hess spectrum < 10 MeV

by a factor of 1/3.

If in the following our calculations are based on the findings of Hess,
Canfield, and Lingenfelder, this is done in order to be able to completely
formulate initially the model for the protons captured in the vicinity of
the earth, The uncertainties of this basis should be kept in mind and sub-
jected to discussion where they are of importance (cf, subsec, 7.5),

For the neutron intensity In above the atmosphere (altitude ~. 100 km),
let us make, according to Hess, a product formulation from the energy distribu=-
tion & (o), the angular distribution'Wk(cos §) for different ranges of energy
K and the modulation of latitude Mc'): - - —

s 1 , | |
Lo, #,0) = 5= By(a) - Wileos 0') - () ‘ for o <a <o, \ (7.1)

The angular distributions were approximated from the curves indicated by

the authors through the development

N

2y -} B cos ¥+ ¢ cos? 9 fayp ¥ > Dt ge
Wilcos 9') = 0
and/or otherwise
1
with fW,,(cos ¥) cos? d(cos¥') =1 (7.2)
0
and plotted in Fig, 7.2, From the simple diffusion theory, there results
@g=1,by = 3,, ¢, ==0, No great importance needs to be ascribed to the zccurate
form of the curves and only the qualitative influence of anisotropy on the

rate of capture should be examined from them, ¥ith (7.1), the reneral ex-

pression (6,3) assumes the following form for the source function

P
SSAUAY

Q(x~, y; 0) }/\(x‘l) 0 (7.3)
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Fig, 7.4 - Geometric component of rate of capture (7,4) of protons
at ¢ = 1,46 for the angular distribution in Fig, 7.2
when negzlecting dependence on latitude, and when taking
the latter into account according to Fig, 7.3. The
points indicated were calculated numerically,

Legend: a = M(sin ®') from fig. 7.3.

The functions (7,1) for @ = 1,46 are plotted in Fic, 7.l=a with ¥(¢') = 1
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order not Lo let the time required fir caleulation increase toe creatly, seca
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from reglons which are intersected by a <double cone with aperture ¥(7) travel-

ling along the feld lines, However, the gualitetive trace, soectfloeally bt
relative increase of the rate of capiure with increasing anisolropy and lati-
tude of reflection point can be easily understood: 4if the reflection point
lies close to the equatorial plane, the (very truncated) double cone inter-
sects the atmosphere so that almost all zenith angles-éﬂ between 0 and 90°
occur in the connecting straight lines, Only Ws and Wi are not equal to zero
for all ¥', However, if the reflection point lies at a higher latitude, then
there are here increasingly preferred, because of the steeper inclination of
the field line, the large zenith angles in which lies the predominant proba-
bility of emission of the high energies but only a small part of the low ener-
gies (normalized to 1!). This behavior is in direct contrast to the findings
of Lenchek and Singer (1962-b; fig. 5) who obtain a decrease of the rate of
capture with increasing anisotropy which is only little dependent on latitude,
and based on this a greater steepness of the proton spectrum (cf, subsec, 7.6).
Unfortunately, it cannot be determined from the paper gquoted just how the

rates of capture were obtained,
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in which o is the geometric mean of the interval limits indicated in Fig, 7.2
and 7,4,

7.3 - Solution of the Timn-TIndependent Problem

for Pure Collision losses

1

The equilibrium model dsscribsd in subsec, 7.1 finds its expression, with
the collision losses (3,21) and (3.2%) and the source function (7.5), in the

customary linear inhomogeneous differantial squation of the first order

lex (ﬁ(ﬂ» ()) -E(Oh 7,0) - U(OL)/)—X'(;], Q)(_)"(rx, 7, Q)‘ v(a)f 4+ Ql«, y; Q):O (7.7)

= and v originate throuzh summation of the contributions of the various cone
& o
stituents 1 of the atmosphore to the effective cross uections

Ny, 0)-#(x, 7, 0) = N, o) &(x)

i
{

ﬁ(n,g) :ZNi(’I’ 9)'

N, 0)-3(x,7,0) = 3 Nl 0) o(w) (7.8)

In those regionc whorsz the particls loss greatly predoninates (Fig, 3.0)
over the energy loss, (7,7) has as solution
0 d (&
Vf = .7 _ —_ - “_‘( (<
/ w— for drx(a ) © froad
4 i3 7.9,

T

AY -y ) ) .
In general, (7.7) can bz reduced to quadzratures,  Tho obvious 1imdil cone

RNy

“lvion is that f varishes at suffielently Ligh ensrsics,  Actuslly, however,
this 1imit may already lie a* relatively low encrgiss 1€ the discrininant
(L.1) of the Alfven approximation becomes so largs that the particles are no
Yonper held effsctively captive, This 15 possible alrsady in the static 231w
pole field, Subssc, 4,3 furnished an estimate of the time scale T =02 (A2
(5,13) for this effect, ™ith this, the upper linit of U, in sceovdance wilh

{ P : ..
.97, ds Lo be regreconted by

of = 1,0Q for (Vir,0Q) <@ (7,103
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given accuracy, then the further solution is represented by

Ne;

f;)d"‘ 1 - - ‘U(I.x"
of et v, L oo ¥ z) (7.11)

AN

( No 4 — |
p (X, y = Tu H
e (7.12)

&

The proton flux Fp@yz, e C) above the energy threshold e, of the counter with

whose rate of count the comparison is to be carried out, reads, according to

(2,38), %
Folos0,8) = da [T(a, 0, 8) do = . |

75(8)

oAy
(et _d

1
= R,o lﬁ?f;b(?} S, ni0)w(n, &) dy,

7inin(o)

with the expression

oo
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Y cejame) for

no

—

e

.~ 1 Fyanet) for all g, (7,13)

All quadratures were carried out with the Simpson Rule in regard to energy

wnd wilh the intreduction of log o ac variable, The step interval was adapted
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ta Zuplorer VII (very similar to these of Brplorer T ond IV and Dloneer
III) in this manner at the conclusion that for [ & 1.8 -- the range initially
investigated here -- the br.adiative deceleration of electrons below a threshold
value (1,1 MeV) for direct penetration does not furnish any appreciable con-
tribution to ‘the count rate, Nothing very certain is known of the electrons
above 1 MeV, The measurements of Holly and Johnson (1961) do indicate & steep
dacrcace of the electron spsctrum sbove 450 keV but the measurements ars not
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aicleny emilstons (Freden, "Milte, 1707,
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1955) find an upper 1imlt of 1% of the proton flux for 2lostrono

The orledation of proton distril

swentially baged on the mecssure-
ments with Foplorer TV (Van Allen et al,, 1953) whish wars plotted by Mollwain
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tude of 2,200 km in the sumer of 1959, The conversion of the count rate to
proton ﬂ_alxx; ‘1s'mafd§ by division with the geometrical factor 0, 5k em® and the
energy threshold 1s sbout 30 MeV.

Of the knowledge of the atmosphere, we utilize only that initially N,,
then Ofs 250 km) (see, e,g., Johnson, 1961), and beyond this He {~ 1,000 km)
(Nicolet, 1961) predominates above th homo sphere, Hydrogen should not bagin
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the calculated stationary distribution (solid-line curves) represented in

fig. 7.5 was obtained with the following model of density:

5%
Ny, = 31.10%. o 0,0033

$—a,

cm-3

No = 3,6.103., vbis em-3

Sg == 1,0385 2. 945 km height.

(7.17)

Only three of the four constants in (7.17) were actually determined through

adaptation to the measured data (within about + 10%).

The scale height of

the N,-distribution camnot be determined with equal certainty because satis-

factory measuring points no longer exist (the background given by cosmic

radiation already lies too closs) in the range of intensity /7,(>30MeV) < 10 em-25,

which suffers its losses pfimarily in the N,-layer and because, moreover, the

scale height is so low that the deficiencies in the orbital representation
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values, the corralation of (7,17) with the valuns betueen 200 and 00 zm, 1l,e,,

a multiplication with a factor of 6.5, brings the model derived here exactly

to the point where the mean over the diurnal cycle of density should lie (curve
N

(g) ). Consequently, the third and most important result reads: the proton

replenishment in the energy range > 30 MeV must bs a total greater by a factor

28 srout £ 8 than corresoonds to the intensity of the flux of slbeds neutrons

derived by Hess and associates (1381).
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Letl ue accopt Lhis finding Initially withool 2iscoussiorn and dnvestizate
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the results which can be derived in regard to the losses at higher altitude
after the determination of the proton-source intensity so made, provided that
it varies as little with altitude as in the decay of the albedo neutrons, It
is now shown that the assumption of purs collision losses, i,e,, a loss rate
dependent Qn;y on 5, does not lead to consistent models above F§(> 30 MeV) =

-2 a :

193 om 5, A distribution of densily obtained perhaps through adsptation

alang 4 = 1,5, always furnishes excessive losses at lower vailuses of g, The
further we progress in ¢, the mors pronounced 1s this btehavior, Tha explana-

Lion for thils is seen in the fact that other losses, i,e,, loss processes in-
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Fig, 7.6 - Derived density profiles (cf, Fig, 7.5) and measured dals
from the deceleration of artificial satellites,
Legend: a = satellite data ,.,; b = day (maximum);
¢ = night (minioum),

intensity of distribution is represented as satisfactorily as possible with an
albedo neutron flux also multiplied by £.5. ﬁ;quiv(p) represents the non-

adiabatic losses without consideration of their probably totally different

dependenca on snerzy and their different action on distributicn, If we add to
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assumption of approxiﬁately constant exospheric temperature) with a third com-

ponent with the quadruple scale height of oxyzen (T - conet,, i,e,, fudly~

MolMie =) and the absolute valuss of the latier determined by the procedure

Jist outlined, i.e., under inclusion of the non-adicbatiec losses, This com-

b

plements the curves in fig, 7,5 and 7,6 by the Lroken-line parts, The whole

atrmospheric model new reads:

8--!.
Ny, =22.10%¢ 00053 em-3
3-8,
No ==235. 107 ¢ 0.012 ¢)p-3
AR \( -18)
Nye = 2,9 107 ¢ 0018 o0
Sg = 1,0385

<

The ratio of the collision losses in the vicinity of the Equator (N =~ 1)
W the non-zdiabatic losses measured by the eguivalent oxygen Zdensiiy in the

inge ™ 30 MeV, cen be derived from Table 7.1,

Table 7,2

o | Newis (@)em) ' “ite * N0 01, 0) [em=3)
1,25 < 10t I 8,0 .10t
1,30 2,5+ 10! 28 .10t
1,35 3,8 . 10! 1,0 - 10
1,46 7,4 - 10t 1,25 10%
“he procedure Zecerdibed whichleads to 4this 2ivizion of 4he tuwo loan DTG -

Y.oopeeqa L .
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Lrastnn Ly eato eterietle, (It is of minor importance that we here calcu-
late with an albedo neutron flux increazsed by a factor of 6,5 although this
manner of replenishment is by no means confirmed (cf, subsec, 7.5). It is
supported merely by the assumption that the proton-source intensity determined
in the foregoing changes only very little between @ = 1,25 and 1.5.)

The helium density in (7,18) must consequently be regarded zs rather un-
certain, Interesting is a comparison with the density determinations from the
orbital data of Echo I (Roemer, 1961) which are valid for the diurnal maximum
(Crosses in fig, 7.6), If we assume a range of variation with 2 factor of
5 to 7 for the day-night variation at these altitudes in agreement with the
rmodel calculations of Harris and Priester (1962), the density (7,18) then has
the trace to be expected from the diurnal mean, However, there is still some
disagreement in the interpretation of the data from Echo I so that no reliable
conclusions can be drawn from this concordance,

2.5 = Albedo Neutrons and Proton Spectrum

The model calculations carriea out permit a relatively accurate determina-
tion of the proton-source intensity at the lower limit of the inner radiation
belt in the energy range sbove 30 MeV, The knowledge of the atmosphere and
of the particle orbits in the terrestrial magnetic field is sufficiently satis-
factory to enable a credible calculation of the loss rate by collisions, The
satisfactory qualitative consistency of theoretical and measured distribution
was regarded in the last Section as confirmation for the usability in principle
of the model which calculates with the temporarily constant and spatially
little variable proton replenisihment and pure collision losses in the vicinity
of the eerth, The identification of the measured particles with protons is a

logical necessity a2t least within a factor of 2,
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Fig, 7.7 - Proton spectrum obtained with nmuclear-emulsion plates at
different but very similar rocket orbits between € = 1,25
and 1,5 and commected to each other at 100 MeV, The
solid-line curves show the theoretical spectrum for a
neutren spectrum according to Hess (Fig, 7.1) under ex-
clusive consideration of the collisions and/or inclusion
of the impairment of 4 in the static dipole field at
high energies (curves ¢ = 1,46, 1,25), The broken-line
spectrum is based on the broken-line spectrum of Fig,

7.1 and shows the effect of charge conversion below 1 MeV,
The dotted line indicates the impairment of the adiasbatic
invariant §,

Legend: a = only collisions,

If the protons are furnished primarily by the decay of the albedo neu-
trons, then their density of flux in the energy range E > MeV must be, in
accordance with subsection ?,b, preater by a factor of about £,5 than was
determined by Hess et al,, (19é1) theoretically, i,e,, lie in the neighbor-
hood of the estimates of Sinrer (1058, b), The measurenments of Bame, et al,,
(19¢2) furnished; however, st lower enercies (10 lMeV and less) only a third
of the flux density accordinr to Hess so that, by reteining the form of the

thecoretical neutron-energy spectrum at high ener-ies, a discrepancy with a

o
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factor of 20 would occur,

There are two issues from this situation, One lies in the possibility
which cannot be excluded, of a further still unknown replenishment mechanism
which far exceeds the neutron decay in effectiveness, and the other lies in
the change of the form of the energy spectrum of the albedo neutrons which
would then have to have a trace between 1 and 30 MeV appreciably flatter than
that calculated by Hess, Since we lack at the present time an acceptable con-
cept in regard to the first possibility, let us here draw merely the conse-
quences from the second,

The energy spectrum of the protons in the region investigated so far is
rather well known between 15 and 600 MeV through the mclear-emul sion experi-
ments of Freden and White (1962) and Heckman and Armstrong (1962), The measured
points combined in fig. 7.7 of the two groups of authors were obtained in part
from the same and in part from very similar rocket orbits (apogee: o= 1,46;
€ = 0.41_3)‘. They-were conjoined in the neighborhood of 100 MeV,

For the question here discussed, only the data below 100 MeV are of
significai;ce. | 'fhe solid-line curve in fig, 7.7 -- conjoined to the measuring
points without consideration of the absolute amount (!) at 100 MeV -~ shows the
theoretical proton spectrum which results on the basis of the Hess albedo-neu-
tron spectrum (fig, 7.1) and pure collision losses, Between 40 and 200 MeV,
it can be brought satisfactorily into agreement with the measurements; however,
with decreasing energy, it deviates perceptibly from the measured data which
are here unfortunately not very consistent, In anv event, it becomes clear
that it is less steep below 30 MeV than it should be in accordsnce with the
second interpretation of the higher proton-source intensity, If we increase
the neutrons spectrum of Hess above 20 MeV by a factor of 7 and conjoin it be-

low this amount completely schematically (as shown in the broken-line curve




of fig, 7.1) to the original spectrum at about 3 MeV, we then obtain as spectrum
of proton equilibrium the broken-line curve in fig, 7.7, (The steep drop be-
low 1 MeV 1is a consequence of the reversal of charge; cf, fig, 3.2). Since
according to the description of the experiments, there is no choice between

the data of Freden and "hite (1962) and of Heckman and Armstrong (1962) within
the energy range of 15 to 40 MeV, an even greater flattening of the spectyum
such as should be required in conjunction with the neutron measurements of

Bame, is entirely within the range of possibility,

Does the increase of the total neutron flux which would follow from the
changes of form of the energy spectrum discussed, still concord with the mea-
sured data? Since the high energies furnish a relatively small contribution
to the total flux, we find, for example, the change of the Hess spectrum in-
dicated by the broken-line curve in fig, 7.1, especially in view of the counter
sensitivity highly decreasing with increasing energy, still within the limit
of measurement accuracy of the experiment of Hess and Starnes (1960), This is
different fqr the measurements of Bame, et al,, which -- as demonstrated in
subsec, 7.2 -~ must be regarded as the most reliable neutron measurements out-
side of the dense atmosphere, A combination of these data at 1 MeV with the
required neutron flux at 70 MeV by an exponential function (broken line in
fig. 7.1) produces an increase of the total flux by a factor of 2.2. Such a
change should have been observed in the rather different dimensioning of the
néutron counters,

Consequently, there results here 2 serious objection azainst an increase
of the neutron flux at hich enerzies which is, however, not as vet compelling,
It is entirely possible to conceive of forms of the energy smectrum betwsen 1
and 70 MeV which will appreciably reduce this discrepancy and still can be

btrourht into concordance with the proton spectrum, A minimum in the neatron
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spectrum at 20 MeV, as discussed by Freden and “hite (1962), belonrs among
these possibilities. For the definite clarification of this question so very
important for the understanding of the inner radiation belt, an extension of
the proton spectrum down to 1 MeV, in addition to further reliable neutron
measurements, will be of considerable benefit, From this, we could then de-
rive the requirements for an appurtenant neutron spectrum and subject the con=
sistency of the latter with the count rates of the various neutron counters
of Bame to detailed examination,

7.6 - Non-Adisbatic Losses

Pointers to the action of non-adiabatic effects involve the two factors
of spatial distribution of the integral proton intensity (cf, subsec, 7.4)
and of the form of their energy spectrum, The cancellation of the adiabatic
invariance of K cuts off ["Abschneiden' ] the spectrum (cf, Table 4,1 and 4,2),
The theoretical expectations of this effect occurring in the static dipole
field according to subsec, 4,3 in the consideration (7.10) illustrate the two
parts designated by g = 1.25 and 9 = 1,46 of the theoretical proton spectrum
(fig. 7.7) which otherwise calculates only with collision losses, (Between
? = 1,46 and e = 1.25, the rockets moved approximately on lines of equal pro-
ton intensity.) Only slightly below this curve, the experimental data also
show a steep drop of intensity, In view of the uncertainties of the theory
and the crudity of the method (7,10), the concordance is rather satisfactory
out far removed from a compelling confirmation, We can only conclude this
mich:  the critical discriminsnt defined in subsec, 4,73 which was then de-
termined as dy = 0,165, is(|§] <25°)>0,13at these latitudes,

It is of interest to make the comparison with the values of d, which are

i
obtained if we regard -~ as was done by Singer -- as a consscuence of this

effect the repeatedly reasured drop of the penetrating component in the
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neighborhood of @ = 2 which is apparently a function of the energy threshold
of the measurine instrument (and of time), By correlation with the Pioneer
IIT data (E > 30 MeV), Singer (1959) found dk = 0,05 and, with the Explorer
VI data (E > 100 MeV) found dk = 0,09 (Lenchek, Singer, 1942-b), The first
value is incompatible with the enercy spectrum of fig, 7.7: however, the
second, determined in contrast to the first at mean latitudes( g, > 30°), would
be compatible with the estimate found here if we assume a decrease of the
critical discriminant beyond higher reflection-point latitudes in accordance
with the findings of Gall (1962),

We might also see in the cut-off of the spectrum at 700 MeV an expression

of the impairment of u through time-dependent disturbances of the magnetic

-1
field, Their frequency spectrum should then extend to at least ¥ oax = 19s

according to (4.,9)., This would have as further consequence that the upper
limit of energy of the possibility of impairment of J at e = 1,4 would be dis-
placed as far as about 35 MeV, The equivalent density of the loss-time scale
to be expected in accordance with sub-section 4,2 amounts to about 2 - 105 cm-3
at this energy so that these processes could bé perfectly well expressed in
the enersy spectrum of fig, 7.7, It is therefore not impossible that the
flattening of the spectrum below 30 MeV has its reason in this, The interpreta-
tion of this phenomenon discussed in the preceding subsection which was to
serve for an alleviation of the difficulties with the albedo hypothesis, thus
loses some of its force of conviction, However, since it is not possible to
arrive at a decision in favor of one of the possibilities of explanation dis-
cussed in regard to this point of the cut-off at 700 MeV from the presently
aveilable observationsl material, further measurements of the enermy spectrum
as a Tunction of altitude are urgently necessary,

However, we may conclude from these considerations in anv event that the
protons, at low values of g, are not threatened at least betwsen 30 and 700
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MeV by an apprecisble disturbance of J or k., On the other hand, however, the
interpretation of the proton distribution with E> 30 MeV compelled us to as-

sume non-adiabatic loss processes already at g,% 1.3, Consecuently, there

remains here only an insufficient invariance of ¥ which was actuslly to be

expected for these energies according to fig, 4,2 and whose estimated time
scale entirely corresponds -- on the basis of the equivalent densities in
Table 4,1 (E > 100 MeV) -~ to the requirements on the part of observation
V(Table 7.1).

The vulnerability of % increases, according to subsec, 4,2, with the drift
frequency, i.e., with energy; a predominance of this process over the collision

losses should therefore be linked to a steep rise f”Aufsteilen”W of the energy

spectrum of the protons, This can be demonstrated already from the measure-
ments discussed so far, If we compare the indications of the two Geiger counters
of Explorer IV with the energy thresholds at 31 and 43 MeV with the help of the
simple formulation }

Fy(>E)~FEv |
we obtain, at equal flux densities, i.e., approximately equal life span, and

increasing ¢, hirgher values of v (Table 7.2),

Table 7,2
I3 12 [Gauss] { Fp(>30 MeV) (cm? s71] ¥
1,2 0,18¢ 1,8 - 108 1,4
1,6 0,19 2,4 103 2.2
1,7 0,16 3,0 -10% 2,8
1,8 0,183 1,16 - 103 3,6

Outside of 4 2 1,7, we must see in this, however, primarily an exXpression
of an appreciably steeper proton-source spectrum because the orimary particles
observed after large flares on the sun sbove |F]~ 357 (cos 135 == 1,82) Mad 2 much

steeper spectrum than the ralactic cosmic radiation (see, e,p,, B, “inkler,

e ey

1962), This should be correspondingly true for their alhedo neutrons which
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probably have an appreciable share in the proton replenishment at e > 1.7

(Lenchek, 1962), (The Polar-Cap absorptions which are a conssquence of the

incidence of high-energetic protons in the atrmosphere, are renerally restricted

"y [
Lo i

62’ (Rose, Zieuddin, 1962).) The limit ate@ = 1,7 can further be seen
very clearly in the proton spectra of Naugle and Kniffen (1962), Within this
limit and at greater 2ltitude, i,e., specifically in the center of the inner

radiation belt (@ ~: 1,58 ~ 0°), the steep rise of the spectrum should be most
purely pronounced by reason of the non-adiabatic processes, This makes mea-

surements in this region extraordinarily desirable,
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Fig, 7,8 - Life span of protons with E = 30 and 100 MeV in the vicinity

of the Equator., The solid-line curves are derived from the
approximation of the measured data in Fig, 7,5 and the
troken-line curves are extrapolations on the basis of the
theory in subsec, 4,2, The maxima desipnate the ecualit;
of collision losses and the impairment of +,

Legend: a = theoretical: b = observed,
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Tver 2t the small values of 9(1‘75 < p < 1,b6) where the proton sp

+

of fip, 7.7 was obltained, this effect seems to be hinted, Accordine to Table

7.1, the equivalent density of the ron-sdiabatic lecses found erpiricslly is

powar of 10 in the enersy range T > 730 MeV than the mean

0
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atmospheric density of & + 107cm - belonring to the particle orhits encompassed,
Since the time scale of the impairment of ° decreases, however, with energy in
contrast to the collision times, we may expect, according to Table 4,1, an egual
effectiveness of the two processes at about 300 MeV and, beyond this, a steeper
drop of the spectrum in exact concordance with the measurements, If we calcu-
late, in spite of the doubts which have appeared in the preceding subsection,
with the replenishment through the albedo neutrons of cosmic radiation whose
energy spectrum must be approximately E-Z according to subsection 7,2, and
take into account the life-span in relation to disturbances of ¢ according to
(4,10), there resilts an approximate eaquilibrium spectrum 27> which is in-
dicated in the dotted line in fig, 7.7. This part of the spectrum thus finds
a new explanation (Freden, White, 1962; Haerendel, 1962; Lenchek, Singer, 1962-b)
which, moreover, makes it appear entirely compatible with the albedo hypothesis,
In order to convert the equivalent density of the non-adiabatic losses
(derived in subsection 7.4 with the aid of model calculations integrally for
energies > 30 MeV) into 1ife'spans;'we rmust take into account the increasing
steepness of the spectrum with altitude, The assumption of the validity of
the albedo hypothesis then leads from Table 7,1 to the life spans in the vi-
cinity of the Equatorial plane designated in fig, 7.8 by "observed" [“beo-
bachtet" |, The values at ¢ = 1.46 have been extrapolated with the formula-
tion (4,10), i.,e,, To~¢°, to higher values of ¢ and, in addition, there has
been indicated the attairment of the region of u g const,, at p = 2, in ac-
cordance with fig, 4,2, The g-dependence of T; was derived in subsec, L, 2
under highly simplifyineg assumptions; it may well be appreciably different
from (#.10). It should be kept in mind specifically that the introduction of

5 avoids the solution of a differential ecuation of the second order of the

tvpe of the Fokker-Planck Equation,
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Fig, 7.9 - Observed flux densities _above 18 and/or 30 MeV; Explorer IV

and VIT for r = (1 - §2) = 1.22 (Pizzela et al., 1962-a);
Pioneer III in the vicinity of the Equator (Van Allen, Frark,
1959-a) in comparison with the theoretical expectations of
the broken-line albedo-neutron flux in Fig, 7.1 and the life
spans from Fig, 7.8,

Fig, 7.9 indicates the distribution of equilibrium obtained in the vicinity
of the Equator at ? > 1,2 if we continue to calculate with the proton-source
intensity Q determined in subsec, 7.4 from fig, 7.8 and the simple formulation
fx~1,-Q , The result, designated by "theory", lies as far as 0 = 2 very close
to the Pioneer ITI measurements which were obtained at low altitudes, The

deviation at e > 2 can be understood by either zn increased proton replenish-

ment through solar corruscular radiation or through the supervosition of the

[
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electrons in the count rate: it is difficult here to make 2 decision, The

same 1s true for the ZExplorer IV and VII date which are nlotted, in contrast




to the forezoing, not at constant altitudes but for

r 0 cos?B == 1,22
(in the sense of the projection of the terrestrial magnetic field on a dipole
field discussed in subsec, 2,3 and sec, 5) and show the same dependence on [

as the theoretical curve (the deviation from intensity is explained by the low

altitude),
;T _' lo Above @ = 1,9, the Explorer VII data
! ,ti._. R ; show a strong dependence on time which is
20
= 391 B B plotted in a different manner in fig, 7,10,
_ ) { ) o Tt is here possible, from the decrease of
j> E :}} ::-;;:? :jij intensity of the abrupt rise during the
i?i | A solar proton phenomena in May 1960, to
el

3;;MF“4 ;;ASOJD : read off a life span of about two months

Fig, 7,10 - Counting rate of Geiger at @ = 2, This value is only very little
counter (E > 18 MeV) in Explorer .

VII between October 1959 and Decem~ smaller than the life span of a 100-MeV
ber 1962 according to Pizzela et

al,, 1962-a for r = 1,22 and a few proton extrapolated in fig, 7.8, which is

values of

Legend: a2 = counting rate. moreover true for the vicinity of the
Equator, i,e., for a larger distance from the dense atmosphere. In view of
the definition of the 1ife spans and the uncertainties in their derivation
which can be understood only as order of magnitude, we can spezk of a rather
satisfactory concordance so that nothing opposes the assumption to see in
these measured data the decrease in time of the protons above 18 MeV after a
reinforced injection byv albedo neutrons of the solar corpuscular radiation,
Since the total number of particles incident in such a proton phenomenon cor-

re

2sponds to the interral of the stationary cosmic radiation extending over

N

several months to several years, the increases of radiation measured would

$4y

then become entirely understsndable as a consequence of the greatly increased




albedo-neutron flux in connection with this, Later investirations will have

to show whether the measured data of fig, 7,10 may instifiably be 2scribed to
protons or whether this concerns, as is believed by the authors of these mea-
surements (Pizzela et al,, 1962-b), electrons for which, however, no compelling
argument exists on the basis of the experiment,

7.7 = Variations in Time

The analysis of the observations carried out in the foregoing took place
on a model independent of time for the conservation of the proton belt, However,
such a manner of description is possible only if the life span of the particles
is either very large or very small in relation to the periods occurring in re-
plenishment and loss, Since this prerequisite is not satisfied, throughout we
must consequently investigate to what extent the findings of the earlier sec-
tions are affected by this, Beyond this, an enlargement of the conception em-
ployed so far will be shown.éb be necessary,

Three groups of variaiiQné'in time are of importance for the proton belt
~- as far as we can see now --:

1. In replenishment,
a) The eleven-year variation of cosmic radiation, and
b) The occasional irruption of solar particles at high magnetic latitudes;

2, In the collision lossss,

a) The diurnal variation of atmospheric density, and

b) Its ll-year variation
(To this should be added the semi-annual period and the apesriodic variations
correlated to geomagnetic disturbances which are neglected because of their
relatively small amplitude);

3. In the non-adiskatic effects,

the vseomagretic storms,




Following here also the restriction expressed in the title of this paper,
let us initially disregard 1 -~ (b), i.e., consider the region p< 1.7. Here
again a division into two parts rmist be made depending on whether collisions
or non-adiabatic effects determine the losses, Only the first case is com-
prised in the model calculations of subsec, 7,4 and it shall be the start of
our critique,

A comparison of (2,25) with fig, 3,2 shows that a density ﬁ; > 10 em

ff
is still necessary at 1 MeV in order to make the life span perceptibly shorter
than the drift period during which we take the mean over the diurnal course
of atmospheric density, However, here the proton-flux densities on the one
hand and the amplitude of the diurnal variation are already so small that there

is no hope for a measurable diurnal effect, There consequently remains in the

vicinity of the earth only the ll-year variation which amounts, both on the

part of the losses and of the replenishment, to an increase of proton intensity
in relation to the sun-spot minimum, Concerning the latter, conditions are not
uniform because not all life-spans are small in relation to 11 years, In one

3 2s'1 in which the

range, approximately characterized by Fp(> 30 MeV) < 107em™
1ife span of a 30-MeV proton is less than six months, we obtain a desecription
of the instantaneous distribution in a usable approximation when utilizing the
stationary model, The correlation of the proton measures of 1958 carried out
in subsec, 7.4, with the density measuremems of 1958/59 for the determination
of the proton-source intensity which rests precisely on flux-density values
Fp(> I MaV) - logcm-zs-l is consequently permissitle, However, if we then
derive, startins from the assumption that the source intensity does not vary
greatly with altitude =2s in the case of the albedo neutrons, 1ife spans and a

distribution of atmosvheric density for greater altitudes, we must then keep

in mind that the findings approach the mean over the ll-year period, It is
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therefore possible that the density in 1959 above about 600 km was greater than
appears from fig, 7.6, According to the calculations of Harris and Priester
(1952) and the findings of King-Hele and Walker (1961), no more than a factor
of & needs to be expected for this deviation,

Even if we keep in mind the correction just discussed when interpreting
the density profile in fig, 7.6, the stationary model with a density dependent
only on distances obviously still remains unsuitable for the description of
the real distribution because the density value lying between the instantaneous
value and the temporal mean which enters at a point s into the life span, de-
pends precisely on the latter and consequently on the energy and the probability
of locus at this altitude, The consequently resulting deviation of a distribu-
tion calculated with a stationary model as against the real distribution should
consist in the fact that the calculated values in the area of transition from
short 1ife span to one comparable to 11 years, lie below the measured values

with increasing g and increasing energy,
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neglect of time~depencdence does rnot in any way undercut the conclusions drawm
in the foregoing but is actually Jjustified beczuse of its vanishine under
stronger effects and the related uncertainty of 211 quantitive indications,

If the circumstances were thus fully described, we should expect a mea-
surable increase of intensity subsequent to 1958 in the proton flux above 30
MeV consequently only in the range of about 102 to lOBCm-Zs-l. Let us select
two points for a more accurate estimate: B = 0,22 Gauss, ¢ =1.25 and‘f = 1,5,
The appurtenant mean densities in 1958 are: 1,8 . Il.()’/cm'3 and/or 5 - 1050m"3;
on the orbital path, primarily the altitudes immediately below 300 and/or 520
km contribute to them, According to King-Hele and Walker (1961), the density
here changed between 1358 and 1960 by less than 1.3 in the first case and about
2 to 3 in the second case, According to Lin (cf, Pizzela et al., 1962-a, -b),
cosmic radiation remained constant within 20 ¢ during 1960,

The actually observed variations of proton-flux density above 18 MeV
(Pizzela et al,, 1962-a) camnot be brought into agreement with these expectations
because, in the entire ranée 9 £ 1,7 and 10 < Fb(> 18 MeV) < 10“ cm-zs-l, it
increased by only a factor of 2 to 3 in 1960 (fig, 7.11, cf, discussion between
Hess, 1962 and Pizzela et al,, 1962.b), However, upon closer examination of
the measured data (fig, 7.10), we find the following difference: the rroton
intensity does not decrease proportionally with time but in stages, correlated

with intense magnetic storms, whereas it agrees approximately with the derived
T ’ e ———a

1ife spans between these events,

At ¢ £ 1.7, only the third group of the initially enumerated effects can
be made responsible for these phenomena, Let us make the following suggzestion
as o2n explanation: at the time of intense magnetic storms durins which the

mean field intensity varies on the surface of the earth ithin 1 to 2 days by

more than tenfold from ths normal value (cf, Ap-index in Bartels, 1962), the




amplitude of the short-peried disturbances in the marnetosphere also increases,
If we assume that it exceeds the mean value thirty times such an interval of
time, then the time scale for non-adiabatic effects is briefly reduced by 3
powers of ten (cf, sec, 4), i,e,, at 100 MeV and ¢ = 1.5, from & years to 2
days according to fig, 7.8. The migration of the reflection points linked to
them could lead to an increase of intensity in given areas,

The considerations in sec., 4 made the impairment of the invariant & as
the process most probable in the energy range from 10 to 103 MeV in the vicinity
of the earth, An important indication exists that the impairment of u or J is
eliminated also in this connection, Its effect would be primarily a diffusion
of the reflection points along the field lines which should lead as a whole to
increased losses to the denser atmosphere, Instead of this, we observe an in=-
crease of intensity in 1960 (ef, fig, 7.11) along an entire shell ¢ = const,
However, if only ® is disturbed, the situation is entirely different., From
(4.14), there follows for the variation in T, i.e., in the latitude of the re-

flection point

ERELERAT R (7.19)

with V0ﬂ=:'*ik§JK§AHD}(see (2.29) and (2.22)

Vi) >0 for >0, limV(y) == co.

n—>1

Diffusion imvrard (Ag < Q) takes place with an increase of T, 1i,e,, under
decrease of the latitude of reflection noint, For examplse, the two points
¢ =1.5 M =0,78 and e = 1.75, T = 0,900 1%e on a path characterized by
(7.19) and are points where the nroton intensity above 30 iV has = ratio of
100 : 1 sccording to the Explorer IV data, Since any diffusion tends tovard

decrsasine differences of concentration, there exists consequently the
|34 ’ H o
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possibility that a diffusion flux directed inwaerd starts in this rance during
a magnetic storm,

Any quantitive statement in repard to this muist await better knowledge of
the diffusion coefficients (4,10) -- a preliminary formulation will be found
in the work of Davis and Chang, (196?) -- and solution of the appurtenant
Fokker~Planck Equation with the correct initial conditions, However, ouzli-
tatively some other aspects result: as the cause of a magnetic storm must be
regarded the arrival of an increased plasma flow from the sun to the outer
parts of the terrestrial magnetic field, The phenomena on the sun responsible
for this are not always correlated; however, with the creation of a large
number of high-energy particles (E> 10 MeV); on the contrary, there appears
to be a correlation in an inverse direction, Accordingly, two different situa-
tions are encountered during a magnetic storm; proton intensity is greatly in-
creased first through albedo neutrons of solar corpuscular radiation outside
of @ =1,7, and is also appreciably reduced since the last such occurrence due
to the here already relatively short life span (fig, 7.8). In the first case,
we should find further inward (g <1,7) an increase and, in the second case,
a decrease of intensity, However, this is entirely different at e < 1.5, i,e,,
within the maximum of distribution of equilibrium, In this case, any intense
magnetic storm should cause an increase of intensity approximately proportional
to the prevailing distribution, provided the time scale of these manifestations
does not change too much spatially,

Fizures L-6 in the study of Pizzela et al,, (1962-z) actuzlly permit us
to recosnize these tendencies, Thereas nroton intensity increased everyvvhere
as a sequel of the May and November flares, it percevtively dropped during the
masnetic storm in July at g = 1,6 to 1,8 at @ < 1.5, however, we find increases

of zlmost the same marnitude as in May, However, the diverrence of the data
; 0 t
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is so high that this statement cannot be recerded as relisbly confirmed,

‘hen examining the temporal sequence of proton-flux density between mag-
netic storms, we rmst keep in mind the increase of 1life span with energy there
where the collision losses predominate, This may be the rezson that the in-
tensity, e.g., after the increase in May 1960 at @ < 1.5 does not return to
the starting point with the time scale to be expected at the counter threshold,
especially since its increase during magnetically disturbed conditions should
be more intense precisely at the higher energles according to the considerations
in subsec, 4,2,

In an extensive temporal and energetic range in the center of the imner
oroton belt, however, the life spans at a normal magnetic field are throughout
longer than the mean interval between two solar proton phenomena and magnetic
storms, The brief diffusion of protons directed inward during a strong injec-
tion at ¢ > 1.7 m@y on the whole lead to an increase of replenishment also at
g < 1.7, ‘HbﬁGVBr, a more egact evaluation of the significance of these pro-
cesses 1s not possible at the moment, We rmst point out, however, that, in
the light of these concepts, the loss rates at higher altitudes derived in
subsec, 7,4 and based precisely on the assumption of a uniform and little vari-
able proton source, are affected with an increased uncertainty and are possibly
higher by an appreciable factor,

It seems scarcely possible that replenishment also at low altitudes is
increased so much through the diffusion of protons by magnetic storms that the
reason for the relatively high source intensity recuired in subsec, 7.4 can
be found in it, In that case, the proton-source intensity should appreciably
decrease with decreasins proton-flux density, i.e,, with decreasing 1ife coan
(especially where it is shorit as arainst the interval of the magretic storms)

and it should not be possible to achieve ary consistency between the scale
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Especially the aquestions raised last may make clear the factors of un-
certainty with which the understandirg of even the relatively easily analyzed
proton belt is affected so that we may expect still many surprises from future
extensive measurements and detailed analyses,

8, - Concluding Summary

We shall now briefly review the most important findings of this study
and point out some measurements desirable for further clarification,

The model calculations for the intensity distribution of the protons at
the lower 1imit of the inner radiation belt where collisions determine life

span, have shown that a stationary spatially slightly variable proton replen-

ishment as represented by the decay of the albedo neutrons of cosmic radiation,
is suitable for explaiming the observations also in detail, The relative
density curve of the atmosphere required for this agrees well with our knowl-
edge from satellite deceleration, Only the absolute intensity of replenish-
ment is higher by an appreciable factor (x~ 7) than the theory of the albedo
neutrons by Hess et al,, (1961) is able to furnish, The discrepancy from the
measurements of Bame et al,, (1962) is still greater, However, since all
relatively reliable statements on neutrons are referenced to enerpgies below

10 lfeV whereas the requirements here posed are basically references to ener-
zies above 30 MeV, no real ambuity exists, In order to maintain the albedo

hypothesis, there results verv strict reouirements for the form of the pro-

ton spectrum which must then be very flat between 1 and 50 MeV and indications
for this actually exist, More accurate measirements in this rance of enercy
A

are of rreat importance, however, for a final confirmation of this hypothesis

which is very reliable in many respects,




Cutside oﬁggju 1.7, an intense flux of albedo neutrons which may lead to
an sppreciable proton injection and a zeneral steep energy spectrum, becomes
occasionally superposed to the normsl proton source during the intrusion of

high-energy solar particles into the atmosphere at high latitudes (/.= 55)

Since life spans in this range are already very much shorter than the mean
interval of such proton occurrences, higch temporal variations occur here,

This spatially rather abrupt entry of a further proton source in conjunc-
tion with the steep decrease of 1life span beyond @ = 1,3 to 1,6, leads to the
occurrence of a maximum of the proton flux at ¢ ~ 1.5 and of a minimum at
€ ~ 1,8 to 2,0 and a renewed increase outward now greatly dspendent on *ims
swhnich, taken as a whole, producsd the lmpression of o bolts

The energy range of the proton belt is limited upward by the cancellation

of the first adiabatic invariant (u) of particle motion; at low values of @, to
the inhomogeneity of the non-disturbed field perceptible already during the
circle of gyration at these energies and, further outward, due to variations
in time, Where the second process prevails over the former cannot yet be de-
cided, In any event, the upper limit of energy at @ = 3 should have dropped
to at least 10 MeV, The lower limit is produced by charge exchange with the
neutral particles of the atmosphere and lies at a few hundred keV and varies
only little with decreasing neutral-gas density bacause the charge-conversion
cross sections increase steeply after low energies,

Within the range so defined, the life span of the protons is determined
by non-elastic collisions, provided the mean atmospheric density over their

path is large enough, At greater altitudes, the impairment of the other two

[ye]

adizbatic invariants becomes the predominating loss process, A steeper drop
of the energy spectrum than with pure collision losses and “he decrease of

the 1ife span beyond_e = 1,5 at a high power oi‘@ must e evaluated es




definite indications of the impairment of 2, The lonrest 1ife svans (about 30
years) are attained, under this concept, by protons with energies between 10
and 100 leV at low zltitudes and 1.2 < g < 1.6, The significance of the im-
pairment of J is as yet very little clarified, The relation of the loss pro-
cesses to each other will probably be determined best from energy spectra of
various altitude ranges, especially from the center of the inner radiation belt
where injection from the polar caps does not take place as yet,

In connection with magnetic storms, the time scale of the impairment of
% is probably drastically shortened and thus produces an appreciable intermix-
ture of the stationary distribution within [ 1.7, To what extent these pro-
cesses influence the distribution in the inmner part of the proton belt as a
whole is difficult to delimit at the moment and is one of the most important
questions for the future.

Once we have gained greater certainty on the composition of the radiation
belt, we might then think 6f analyzing proton distfibution from another view-
point (which has alweys existed in the background during the preparation of
this study), i.e., whether it can be used as an indication on the distribution
of atmospheric density at high altitudes., Here the energy range below a few
MeV promises to reach farthest because the disturbances of the adiabatic in-
variants in it should be by far the smallest (cf, Table 4,1),

The importance of extensive observations of the behavior in time of proton
distribution at various energies for the determination of 1ife span and the
processes on which they are based, is obvious, From the point of view of

ray

theory, we must above all investigate furtner the problem of the impairment

of the three cdisbatic invariants snd, with the resultant findines, subject
the dynamics of proton distribution, especially also during mapnetic storms,

to 2 more exact analvsis throurh solution of the appurtenant Fekker-Plonek




Bauation (cf, subsec, 4, 2),

Since the iInvestirations here embodied were terminated in the winter of
1962/63, no later measurements have been included after final review,

Grateful acknowledgement for their aid, assistance and interest is due
to the following: Dr, A, Schlueter; Dr, R, Luest; Dr, L, Bierman (vho per-
mitted me to prepare this communication at the Max-Planck Institute for Physics

and Astrophysics and to use the G-3 Computer at the Institute); Dr, R, S. "hite:

Mrs, U, Banik and the members of the Institute for Astrophysics,
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